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Abstract 
Friction stir processing (FSP), a solid-state post-processing technique that can provide localized 
modification and control of microstructures in near-surface layers of metallic components is 
developed based on the  principles of friction stir welding (FSW). In this study, FSP was carried 
out in two phases. In Phase I, FSP was applied to one inch thick, sand casting A206 aluminum 
and 0.25 inch A367 bending fatigue sample. Optical microscope, SEM and EDS measurements 
have been performed to reveal a homogenous microstructure in the stirred zone, in which the 
porosities were quantitatively reduced, the second phase particles have been broken up and 
distributed in the Al matrix and there were some new components generated. Thermocouples 
have been applied to acquire the temperature gradient and thermo history during FSP. A range of 
material properties, including hardness and tensile measurement in A206, and bending fatigue 
test in A367 were examined. FSP resulted in an increase in hardness of the nugget compared to 
the hardness profile of the T4 condition. A significant improvement of the ductility of A206 was 
found after FSP compared to the ductility of T4 A206, but the FSP process slightly reduced the 
strength of A206. In Phase II, FSP was used for composite fabrication in the top layer of A206 
substrate. The discontinuously reinforced aluminum (DRA) which contained 15% weight percent 
SiC was introduced into one inch thick sand cast A206 substrate. The surface composite layer is 
well bonded to the aluminum alloy substrate. Defects were not visible validating that FSP is an 
effective way for composite fabrication in Al cast alloys. 
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Executive Summary 
Friction Stir Welding (FSW) is a new solid-state joining technique invented at The Welding 
Institute (TWI) in 1991. The basic concept of FSW is simple. A non-consumable rotating tool 
with a specially designed pin and shoulder is inserted into the abutting edges of sheets or plates 
to be joined and traversed along the line of joint. The friction between the tool and the workpiece 
generates heat, which softens the material and accomplishes the movement of material to 
produce the joint.  An evolution of the FSW process is friction stir processing (FSP). In FSP, a 
rotating tool is inserted in a monolithic workpiece, which is the main difference from FSW. In 
FSP the material undergoes intense plastic deformation at elevated temperatures, resulting in 
generation of localized fine and equiaxed recrystallized grains; the latter yields improvements in 
mechanical properties. 
 
A project was initiated at WPI to validate the potential of FSP to locally strengthen cast 
components, and to enhance mechanical properties. FSP was applied to alloys that previously 
have not been investigated for such localized microstructure manipulation.  FSP was also 
investigated for the manufacture of localized zones of composite material that were made by the 
introduction of a second phase into the Al alloy matrix during FSP.  
 
A FSP set up was established at WPI, and its capabilities were assessed and validated using Al 
356 alloy similar to previous investigators.  Once confidence was established and results were 
validated, we then embarked on a two phases (Phases I and II) experimental program, coupled 
with the development of a mathematical model for the process. 
In Phase I, the following key accomplishments were realized:  
 
1. The microstructure evolution of A356 during FSP was verified and validated.  
2. A 206 has not been previously investigated when friction stirred processed.  FSP was 
applied to this alloy to manipulate the microstructure and to refine/strengthen the alloy 
locally. Effects of the process parameters, i.e. tool rotation speed and traverse speed were 
investigated, and an optimal experimental conditions window was established. 
3. The mechanism of potent refinement of the microstructure of A206 during FSP is 
presented based on an analysis of resultant temperature profiles and heat input.  
4. A math model was developed to calculate the heat input from different parts of the tool. 
5. The mechanical properties (Tensile and microhardness) of A 206 FSP alloy were 
evaluated.  FSP resulted in a higher elongation and hardness in the nugget. 
6. FSP was also applied on bending fatigue specimens of die cast Mercury Marine alloy 
A367. Preliminary microstructural analyses of the as-cast A367 and FSP A367 have been 
carried out.  Analysis of the effects of FSP on the fatigue life of A367 is currently being 
carried out at Mercury Marine and will not be finalized until July 2009. 
    
In Phase II, FSP was used for composite fabrication in the top layer of A206 substrate. The 
discontinuously reinforced aluminum (DRA) which contained 15% weight percent SiC was 
introduced into one inch thick sand cast A206 substrate. The surface composite layer is well 
bonded to the aluminum alloy substrate. Defects were not visible validating that FSP is an 
effective way for composite fabrication in Al cast alloys. 
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1 Introduction 
Friction Stir Welding (FSW) is a new solid-state joining technique invented at The Welding 
Institute (TWI) in 1991 [1]. The basic concept of FSP is simple. A non-consumable rotating tool 
with a specially designed pin and shoulder is inserted into the abutting edges of sheets or plates 
to be joined and traversed along the line of joint (Figure 1) [2]. The friction between the tool and 
the workpiece generates heat, which softens the material and accomplishes the movement of 
material to produce the joint.   
 
 
Figure 1: FSW tool plunge (left) and traverse (right) [2]. 
The FSW process is considered to be the most significant development in metal joining in the 
past decades and is a “green” technique, due to its energy efficiency, environment friendliness, 
and versatility [2, 3]. The key benefits of FSW are summarized in Table 1 [4]. 
 
Table 1: Key benefits of friction stir welding [4]. 
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Recently, a new processing technique, friction stir processing (FSP) was developed by Mishra et 
al in 1997 [5]. In this case, a rotating tool is inserted in a monolithic workpiece (Figure. 2) [6], 
which is the main difference from FSW. In FSP the material undergoes intense plastic 
deformation at elevated temperatures, resulting in generation of localized fine and equiaxed 
recrystallized grains [7-9]; the latter yields improvements in mechanical properties. 
 
 
Figure 2: schematic illustrations of friction stir processing: a) rotating tool prior to 
contact with the plate; b) tool pin makes contact with the plate, creating heat; c) shoulder 
makes contact, restricting further penetration while expanding the hot zone; and d) plate 
moves relative to the rotating tool, creating a fully recrystallized, fine grain 
microstructure [6]. 
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Compared to other metalworking techniques, FSP has distinct advantages, which are 
summarized by Z.Y. Ma [3, 10].  
 
 First, FSP is a short-route, solid-state processing technique with one-step processing that 
achieves microstructure refinement, densification, and homogeneity.  
 Second, the microstructure and mechanical properties of the processed zone can be 
accurately controlled by optimizing the tool design, FSP parameters, and active 
cooling/heating.  
 Third, the depth of the processed zone can be optionally adjusted by changing the length 
of the tool pin, with the depth being between several hundred micrometers and tens of 
millimeters; it is difficult to achieve and optionally adjusted processed depth using other 
metalworking techniques.  
 Fourth, FSP is a versatile technique with a comprehensive function for the fabrication, 
processing, and synthesis of materials.  
 Fifth, the heat input during FSP comes from friction and plastic deformation, which 
means FSP is a green and energy-efficient technique without deleterious gas, eradiation, 
and noise.  
 Sixth, FSP does not change the shape and size of the processed components. 
  
The FSP technique is emerging as an effective solid-state processing technique that can provide 
localized modification and control of microstructures in the near-surface layers of processed 
metallic components [3]. In the relatively short duration after its invention, increasing 
applications are being found. FSP is widely applied in microstructure modification of aerospace 
aluminum alloys, such as highly alloyed 2XXX and 7XXX series to accomplish high-strength, 
fatigue and fracture resistant Al material [11-15]. The FSP technique has also been used for the 
composite fabrication in the surface layer of aluminum substrate [10], which shows the 
possibility to join non-compatible alloys without the creation of undesirable phases such as 
normally encountered during conventional welding. Furthermore, applications are being found 
for FSP in synthesis of metallic materials [16-18]. 
 
The idea of locally tailoring microstructure to optimize a particular property is not new. The 
challenge has been to identify practical ways of implementing this idea. The use of friction stir 
processing to locally refine the intrinsically coarse microstructure of castings has particular 
appeal [19-25] and the reason why this study was inititated.  
 
Cast A356 Al is one of the most widely applied commercial alloys in the aircraft and automotive 
industries because it has good castability. Z.Y. Ma et al [20, 26] conducted FSP on sand-cast 
A356 plates under wide FSP parameters. They found that the FSP broke up and dispersed the 
coarse acicular Si particles creating a uniform distribution of Si particles in the aluminum matrix 
with significant microstructural refinement. These microstructrual changes led to a significant 
improvement in both strength and ductility.  Increasing the rotation rate and number of FSP 
passes resulted in a decrease in the size and aspect ratio of the Si particles and the porosity level, 
but the grain size has not been changed. Furthermore, the coarse Mg2Si precipitates in the as-
cast A356 sample disappeared after FSP, which indicated the dissolution of most of the Mg2Si 
precipitates during FSP. Z.Y.Ma [23] pointed out the dissolution of the Mg2Si precipitates 
during FSP was attributed to significantly accelerated diffusion rates and shortened diffusion 
4 
 
distances of the solutes resulting from intense plastic deformation and material mixing. Santella 
et al [22] got similar result by carrying out the FSP on cast A319 alloys, and the mechanical 
properties of A319 and A356 were improved.  
 
In this study we mainly focus on microstructural modification of cast A206 via FSP. Cast A206 
alloy has high strength and good machinability, however it has relatively poor fluidity and it is 
prone to hot tearing during solidification; moreover, it is susceptible to stress corrosion [22, 27]. 
The motive behind this study was to ascertain whether FSP is an enabling technology for prost-
processing of cast A206 components in order to enhance microstructure and properties. Apart 
from the A206 alloy, A356 is also the model alloy, by which we verify and validate the 
mechanism of microstructure evolution during FSP.  
 
A detailed critical literature review of the friction stir process is given in Appendix A (Section 
9.1). 
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2 Objectives 
The objectives for this work are to explore and evaluate the feasibility of friction stir processing 
(FSP) in aluminum alloys. Specifically in cast Al alloys, as well as in composites manufactured 
via FSP; the work is carried out in two phases. In Phase I, we wanted to verify and validate that 
the microstructure evolution of A356 during FSP and to manipulate the A206 microstructure to 
refine or strengthen locally. We also carried out FSP on A367 alloy for microstructural analysis, 
and the bending fatigue tests of the A367 alloy is being done by Mercury Marine.  In Phase II, 
we wanted to investigate the potential of friction stir processing to form a particle-reinforced 
zone in standard Al cast components, by mixing and creating strengthening particles, and also to 
establish optimum processing conditions. The research methodology was based on both 
experimental work and theoretical analysis. A mathematical model was also developed to 
calculate the heat input during FSP in an effort to analyze the role of stored energy in 
recrystallization and microstructure refinement. 
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3 Experimental Procedures 
3.1 Materials and workpiece preparation 
The following commercial alloys with quite different solidification characteristics were selected 
as model alloys. The shapes and composition of these alloys are shown in Figure 3 and Table 2, 
respectively. The dimensions of the workpiece in Figure 3a are 6’’ X 3’’ X 1’’. These sand 
castings of A356 and A206 blocks provided by Eck Industries were used as the workpiece for 
FSP. Figure 3b is the bending fatigue sample of Mercury Marine (MM), which is made of A367.  
 
 
Table 2: Model Alloys and their composition. 
Alloy Composition Model 
Alloy Si Fe Cu Mn Mg Zn Ti Ni 
A206 0.077 0.046 4.33 0.343 0.256 0.019 0.243 <0.002 
A356 8.91 0.065 0.018 0.003 0.263 0.019 0.142 <0.002 
A367 11.355 0.190 0.05 0.313 0.373 0.032 0.103 0.009 
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Figure 3: Workpiece for FSP: a) Eck Industries plate 6’’ X 3’’ X 1’’; b) Mercury Marine 
bending fatigue sample; c) Eck Industries plate after FSP; d) Mercury Marine bending 
fatigue sample after FSP. 
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3.2  Apparatus for FSP 
Figure 4 is the schematic diagram of the apparatus for FSP. One can note the FSP machine, the 
fixture used, and instrumentation that was used for detecting and recording during FSP.  
 
 
 
Figure 4: Schematic diagram of FSP apparatus. 
 
 
 
3.2.1 FSP Machine 
The main platform for FSP is the HAAS VM3 mold machine. It is a CNC machine which has 
30hp; the maximum rotation speed of the vector drive spindle is 12000RPM and the fixture table 
driven by a servomotor can move with speeds of up to 710IPM.  
 
3.2.2 FSP Tool 
A HAAS machine tool holder is applied to clamp the FSP tools, and there is a specially designed 
coolant flowing path inside the holder. The tools used for friction stir processing are developed 
and produced by Friction Stir Link Company in Wisconsin. The geometry and dimensions of the 
tools are shown in Figure 5. The tools are made of tool steel H13, and the shoulder diameter of 
each tool is 16mm. At the end of the shoulder, a tapered pin is machined. The maximum 
diameter of the tapered pin is 8mm, and the minimum diameter of the pin is 6mm. 
 
Four kinds of tools with different geometry and dimensions are adopted based on the production 
experience of Friction Stir Link Company. Figure 5b and c depict the tapered tool with a flat 
bottom where the length of the pin in Figure 5b is 3.2mm, and 1.6mm in Figure 5c. In Figure 5d 
and e, the tapered tool has a concave bottom, and the pin length in Figure 5d is 3.2mm, and 
1.6mm in Figure 5e. These tools have different effects: Figure 5b and d are used in Phase I, to 
manipulate the microstructure; and Figure 5c and e are used in surface composite fabrication. 
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The composite powder or discontinuous reinforced aluminum will be embedded only in a very 
thin layer of the substrate surface, and the target depth is around 1.6mm. With the help of the 
concave bottom, the ineffective velocity at the center of the tool could be avoided, and it has a 
potential to generate a more severe material deformation.  
 
 
Figure 5: FSP tools: (a) Tool holder and tool; (b) 3.2 mm pin length, flat bottom; (c) 1.6 
mm pin length, flat bottom; (d) 3.2 mm pin length, concave bottom; (e) 1.6 mm pin 
length, concave bottom. 
 
3.2.3 FSP Fixture and Cooling Channels 
A three degrees tool tilt angle (angle between spindle and workpiece normal) is applied, which 
helps in forging action at the trailing edge of the shoulder. To accomplish this working angle, the 
top horizontal surface of the fixture is cut into a three degrees incline surface. The workpiece is 
fixed on the fixture by bolts, washers and a pair of wedges (Figure 6 a).  During the processing, 
the temperature of the fixture is so high that other devices contacting the fixture could be 
damaged. Another steel plate with channels is made and laid below the fixture, and the coolant 
could go through the channels and preventing heat (Figure 6 b). 
10 
 
 
Figure 6: FSP Fixture and Cooling Channel: a) three degrees fixture; b) steel plate with 
channels. 
 
3.2.4 Other Facilities 
During FSP, the distribution of force in three directions is detected by the KISTLER 3-
Component dynamometer. The thermal history analyses data is acquired by FLIR System S40 
thermograph and K-type thermocouples. 
 
 
 
 
 
11 
 
3.3 FSP and Mechanical Test Procedures 
3.3.1 FSP experiments 
The FSP process has many parameters such as tool shape, tool tilt angle, tool rotation speed 
(RPM), tool travelling speed (IPM) and tool download force. In this study, there were three 
invariable parameters: (i) tool shape as shown in Figure 3 b; (ii) tool tilt angle was kept at three 
degrees; (iii) and tool download was controlled by keeping the tool penetration depth constant at 
3.4mm in each pass.  The variable parameters were: (i) travelling speed; and (ii) rotating speed.  
 
For alloy A356, FSP was carried out with 1000 RPM rotation speed, and 1 inch per minute 
traverse speed. For MM alloy A367, 800 RPM rotation speed and 1 inch per minute (IPM) 
traverse speed were selected based on analyses of experimental conditions. Three FSP conditions 
with different parameters (revolutions per minute and traverse speed) were investigated for alloy 
A206 (Phase I).  Composite fabrication via FSP (Phase II) was carried out at 1000 RPM and 1 
IPM.  The experimental conditions for each alloy (revolutions per minute and traverse speed) are 
shown in Table 3. The FSP tool was rotated in the counter clockwise direction and the workpiece, 
which was tightly fixed at the backing plate, traversed during FSP (Figure 7a). 
 
Table 3: List of combinations of rotating speed and traverse speed 
Model Alloys Rotating Speed (RPM) Travelling Speed (IPM) 
A356 1000 1 
A367 800 1 
800 1 
1000 1 A206 (Phase I) 
1500 1 
A206 (Phase II) 1000 1 
 
In Phase II, the discontinuously reinforced aluminum (DRA), which contains 15% (weight 
percent) SiC was selected as the second phase material to construct the composite layer in A206 
workpiece. The workpiece had the same dimensions as in Phase I, with a slot having a length of 
50.8mm, 1.5mm in width and 3mm in depth.  The slot was machined along the centerline of the 
workpiece to accommodate the DRA emplacement (Figure 7b). It can be seen in Figure 7 that 
the retreating side is noted as R, whereas the advancing side is noted with an A.  These terms 
have been defined to delineate the two different sections of the workpiece that respectively 
experience different velocity regimes as the tool traverses through the workpiece. Note that in 
the literature the advancing side is also termed as AS, and the retreating side as RS; these terms 
AS or A, and RS and R are interchangeable. 
 
During processing, the temperature distribution and thermal history were measured and recorded 
by 0.040 inch K-type thermocouples. Four 1.5 inches deep holes were drilled at the retreating 
side of the workpiece and the thermocouples were embedded directly below the tool at the FSP 
center (Figure 8).   
12 
 
 
 
Figure 7: Schematic diagrams of FSP: (a) Phase I; (b) Phase II. 
 
 
 
Figure 8: Schematic of the location of four thermocouples. 
 
 
 
 
13 
 
3.3.2 Sample preparation 
The workpiece was cut into samples along the longitudinal travel direction (plane ZOX) and 
transverse direction (plane YOZ). The samples were mounted, polished and electro-etched for 
micro-structural analysis. 
 
 
Figure 9: Schematic diagram of the sample cutting directions. 
3.3.3 Mechanical test   
The Knoop hardness profile of the friction stirred zone was measured with a 500lb load after 
microstructural analysis. The tensile test was carried out at room temperature using an Instron-
type testing machine with the speed of 0.04 inch/min and 40% sensitivity. The tensile specimens 
were sectioned along the longitude direction of the friction stirred zone. The shape and 
dimensions of the tensile specimens were shown in Figure 10. The fatigue test campaign is 
underway at Mercury Marine. 
 
 
Figure 10: Tensile test specimen dimensions. 
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4 Results 
4.1 Phase I – FSP  
4.1.1 A356  
Microstructure Analysis 
Figure 11 shows the macrostructure for FSP of A356 at a tool rotation rate of 1000 RPM and a 
traverse speed of 1 IPM. The sample was cut along a transverse cross-section. The basin-shaped 
nugget has a wide top layer, which was caused by direct contact with the tool shoulder. It can be 
noted in Figure 11 that the nugget is not symmetrical. There is a round boundary at the retreating 
side (RS), however at the advancing side (AS) the curve is steep.  
 
 
 
 
Figure 11: Macrographs of the A356 friction stirred zone at 1000RPM – 1IPM. 
 
 
Figure 12 shows micrographs of an as-polished A356 casting sample in as-received condition 
and after FSP condition. Prior to FSP (Figure 12a), the dendritic microstructure can be seen in 
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the aluminum matrix. The coarse acicular Si phase is distributed along the primary aluminum 
dendrite boundaries. The DAS was about 200 µm and the Si particles had lengths of up to 400 
µm. Figure 12b shows the microstructure of A356 sample after FSP at a rotation speed of 1000 
RPM and a traverse speed of 1IPM. FSP resulted in a significant breakup of acicular Si particles 
and eliminated the dendritic structure. The broken smaller Si particles are uniformly distributed 
in the aluminum matrix.  
 
 
Figure 12: Optical micrographs of A356: a) As-received; b) after FSP by 1000RPM - 1 IPM. 
 
 
Figure 13 shows the optical microstructure of an etched A356 casting sample in as-received 
condition and after FSP.  The grain boundaries were revealed by the etchant. In Figure 13a, the 
as cast grain size was up to several millimeters, and porosities were detected around the grain 
boundaries. In Figure 13b, FSP resulted in significant grain reduction/refinement. However, clear 
delineation of the grain boundaries was difficult to attain.  The morphology of Si changes from 
needle-like to a flake shape; this morphology change resulted in a reduction of the aspect ratio 
and the average size of the silicon.  
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Figure 13: Microstructure of A356 after etching: a) as-received A356; b) nugget after FSP.  
 
Figure 14 shows the microstructure of the transition zones between the FSP zone and parent 
material of the A356 sample. The boundary between the FSP zone and the original starting 
dendritic structure is quite evident. In the transition area, grains are elongated and bent, and seem 
to have deformed along the shape of the nugget. Moreover, the deformation of the grains is more 
intense and severe in the advancing side than in the retreating side.    
 
 
Figure 14: microstructure of the transition zones between FSP zone and parent material of the 
A356 sample (1000RPM – 1IPM): a) retreating side boundary; b) advancing side boundary. 
 
4.1.2 A206 
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A. Microstructural Analysis 
Figure 15 shows the macrostructure of A206 FSPed at 1000 RPM tool rotation rate and a 
traverse speed of 1 IPM. The sample was cut along the transverse cross-section. It has a basin-
shaped nugget with a wide top and the left side of the FSP zone is not symmetrical with the right 
side. The advancing side is on the right side of the nugget, and is characterized by a steep 
boundary (Figure 15). The retreating side has a curved boundary. The top layer that is marked 
with a red rectangular shape is the shoulder-affected zone. The latter is the area that had direct 
contact with the tool shoulder, and the length of the shoulder-affected zone is nearly the same as 
the tool shoulder diameter.  
 
 
Figure 15: Macrograph of A206 friction stirred zone at 1000RPM – 1IPM. 
 
The yellow rectangular shape marks a special macrostructure of FSP zone, which is called onion 
rings. As a matter of fact, not only traverse cross-section (XZ plane) samples, but also side view 
cross-section (ZY plane) and top view cross-section (XY plane) samples showed onion rings 
structure.  
 
Figure 16 shows a higher magnification micrograph of the onion ring structure. The rings in this 
cross-section (traverse cross-section XZ plane) consist of a series of ellipses, and are the lighter 
regions in Figure 16. A round core, whose diameter is about 200 µm is at the very center of the 
onion rings structure. It is noted that the distance between two of the light regions are wider 
around the core, but the distance between the rings decreases towards the periphery. The position 
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of the onion ring structure in Figure 16 reveals that the pin of the tool mainly affects their 
structure. The presence of second phases and oxidation is more prevalent in the light regions.  
 
Figure 17 shows the onion rings structure in both the advancing and retreating sides of FSP zone; 
the spaces between the rings in both the retreating and advancing sides are similar, and the light 
regions seem more visible in the advancing side than in the retreating side.   
 
 
Figure 16: Micrograph of onion rings - traverse cross-section. 
 
Figure 18 shows the optical micrograph of A206 as-cast sample in the T4 condition. Severe 
porosities of up to 200-300 µm in length were seen in the aluminum matrix. The microstructure 
of as-cast T4 A206 contained second phase particles that were mainly coarse needle-like CuAl2-
CuAl.  
 
Figure 19 is an optical micrograph of FSP A206 sample at 1000RPM – 1IPM. The size and 
aspect ratio of the needle-like aluminum-copper phase has decreased after FSP.  High amounts of 
fine and nearly equiaxed second phase particles are uniformly distributed in the processed zone; 
moreover porosity is almost eliminated.  
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Figure 17: Onion ring structure in advancing and retreating sides of A206 at 1000 
RPM – 1IPM: a) advancing side; b) retreating side. 
 
 
 
Figure 18: Optical micrographs of an as-polished A206 casting sample in as-cast-T4 
condition (non-etched). 
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Figure 19: Micrograph of A206 sample FSPed at 1000RPM – 1IPM. 
 
Figure 20 shows optical micrographs of A206 as-cast sample in the T4 condition and also the 
evolution that occurs when FSP at 1000RPM – 1IPM. Grain boundaries and grain size are clearly 
demarked in these micrographs. In Figure 20a, the grain size of the as-cast-T4 A206 ranges up to 
500µm; the dendritic structure can be seen within the grains. However, subsequent to FSP at 
1000 RPM - 1IPM, the microstructure in the stirred zone changes dramatically (Figure 20b and 
c). Figure 20b marks the microstructure in the top layer of the FSP zone, in which the grain size 
is smaller compared to the observed grain size in other parts of the stirred zone. Apart from this, 
grains in the top layer seem to be arranged horizontally. Figure 20c shows a higher magnification 
of the grains in the stirred zone; the grains are equiaxed and have a diameter of ~ 8µm. 
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Figure 20: Microstructure of A206 after FSP at 1000RPM – 1IPM: a) as-cast + T4; b) top 
layer microstructure in nugget; c) refined grains in the nugget.  
 
Figure 21 shows the microstructure of the transition zones between FSP zone and the parent 
metal- A206 alloy. The transition zone microstructure in A206 is similar to that observed in 
A356. In the transition zone, grains are elongated and bent, and are deformed along the shape of 
the nugget. Grain deformation is more severe in the advancing side than in the retreating side.   
  
Figure 22 shows the microstructure of FSP zone formed during different experimental conditions. 
It can be noted that the broken second phase particles are uniformly distributed in the aluminum 
matrix. The size of the second phase particles is fine; no differences in size nor aspect ratio of the 
second phase particles were found. 
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Figure 21: Microstructure of the transition zone between FSP zone and parent material of the 
A356 sample (1000RPM – 1IPM): a) retreating side boundary; b) advancing side boundary. 
 
 
Figure 22: Micrographs of A206 FSP zone (unetched): (a) 500RPM – 1IPM; (b) 1000RPM – 
2IPM; (c) 1000RPM – 1IPM.  
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Figure 23: SEM micrographs of A206 grain size: (a) as received; no FSP; (b) FSP 500 
RPM – 1IPM; (c) FSP 1000 RPM – 2IPM; (c) FSP 1000RPM – 1IPM. 
 
Figure 23 contains SEM micrographs of A206 showing the evolution of the grain structure 
during FSP. Without FSP (Figure 23a), the grain size of the as-cast-T4 A206 is ~100µm, but 
subsequent to FSP (Figure 23c and d), the grain size is less than 10µm. This is an order of 
magnitude difference in grain size. FSP zones generated under the three experimental conditions 
gave rise to different grain morphologies. Grains were hardly revealed when FSP was at 500rpm 
– 1IPM. Blurred grain boundaries were seen when FSP was at 1000RPM – 2IPM. In contrast, 
clear grains were attained when FSP was at 1000RPM – 1IPM. 
 
B. Thermal Profile 
The thermocouple layout to obtain the thermal profiles has been described in the experimental 
section. The distance between two adjacent thermocouples is 1 inch, and the first thermocouple 
was located 1.5 inches away from the beginning side of the workpiece. Figure 24 contains the 
curves illustrating the temperature change during FSP as a function of time. The 0 second 
denotes the time when the pin began to penetrate into the workpiece. When the tool moved right 
above one thermocouple, the temperature measured at that point was the peak value of the whole 
temperature history recorded by that thermocouple. The maximum values of the thermal histories 
of FSP (1000RPM – 1IPM) recorded by thermocouples TC1, TC2, TC3 and TC4 were 3380C, 
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3630C, 4050C and 4220C, respectively. The time corresponding to the maximum values of the 
thermal histories of TC1, TC2, TC3 and TC4 were 2.1min, 3.2 min, 4.3min and 5.4 min, 
respectively. The area under each temperature curve was nearly the same for TC1-TC4, which 
meant that the thermal history in the processing direction was quite steady. The temperatures 
around the center of the stirred zone during processing were about 3380C to 4220C; this is in the 
range for re-crystallization in Al cast alloys. The time constant for the K thermocouple used is ~ 
0.25 seconds. The response time is ~ five times the time constant, and it was determined that the 
time delay during the recording was ~ 1.25 seconds. Compared with the total processing time (6 
minutes), the time delay did not influence the temperature distribution inside the workpiece. 
 
Figure 24: Temperature changes as a function of time during FSP at 1000RPM – 1IPM.  
Figure 25 shows the temperature change as a function of location during FSP for three different 
experimental conditions. The zero point of the abscissa was the starting point after the pin fully 
penetrated into the workpiece. Although the FSP parameters were different, the temperature 
histories under these three conditions had similar tendencies. A later peak value was higher than 
a former peak value, and the distances between each two peaks were almost equal to the tool 
traverse speed, which was one inch per minute (2.54cm/min). When FSP condition was at 
1000RPM – 5.08cm/min, the temperature range was 273-3500C; for FSP at 1000RPM – 
2.54cm/min and 500RPM – 2.54cm/min, the temperature range were 338-4220C and 306-3540C, 
respectively. The theoretical distance and the actual distance are quite close to each other. As a 
result, it can be said that the temperature histories of the thermocouples are reasonable and 
acceptable. The FSP thermal profiles yield much information regarding microstructure evolution. 
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Figure 25: Temperature changes as a function of location during FSP: (a) 1000RPM – 
2IPM (5.08 cm/min); (b) 1000RPM – 1IPM (2.54cm/min); (c) 500RPM – 1IPM 
(2.54cm/min). 
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C. Tensile Properties 
 
(a) 
 
(b) 
Figure 26: Stress-strain plots from room temperature tensile test of A206: a) as-cast-T4; 
b) FSP at 1000RPM – 1IPM. 
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Figure 26 shows the tensile behavior of A206 in the as-cast-T4 condition and FSP at 1000RPM – 
1IPM condition. In Figure 26a, the as-cast-T4 A206 has a 48.3Ksi ultimate tensile strength and 
36Ksi yield strength, and an elongation of 5.7%. FSP at 1000RPM – 1IPM could increase the 
maximum total elongations from 5.7% to 13.7% and the ultimate tensile strength up to 53Ksi; 
the yield strength, however, decreased to 28.5Ksi.  
 
D. Hardness  
Table 4: Microhardness profile of different zones in the transverse section. 
 FSP zone Shoulder affected zone TMAZ Parent material 
FSP (1000RPM 
-1IPM) 97.2 110 75 83.5 
 
 
Table 4 shows the average knoop hardness at different zones of the transverse section; FSP was 
carried out at 1000RPM – 1IPM. Microhardness in the FSP zone as well as the shoulder affected 
zone were higher in value than in the parent material. However, the TMAZ had a slightly lower 
microhardness profile compared with the parent material.  
 
4.1.3 Mercury Marine Alloy A367 
Figure 27 shows the optical microstructure of die cast Mercury Alloy A367.  Prior to FSP 
(Figure 27a), the microstructure consisted of small grains up to 50µm in diameter, and fine 
eutectic Si and other Mg-Fe-Si phases are distributed in the aluminum matrix. Severe porosity 
was noted in the matrix (not shown in Figure 27). Figure 27b shows the optical micrographs of 
the as-polished A367 sample after FSP at 800RPM – 1IPM.  FSP destroys the dendritic structure, 
and the porosity level is significantly reduced. The microstructure (size and distribution of these 
broken particles) is similar to the microstructure of A206 after FSP.  
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Figure 27: Microstructure of A367: (a) die cast A367; (b) FSP at 800RPM – 1IPM. 
 
4.2 Phase II – Composite Fabrication  
4.2.1 A206 Composite Fabrication 
Figure 28 shows the microstructure of discontinuous reinforced aluminum (DRA) in the ZOX 
plane (see Figure 9). DRA contains Si plates and SiC particles (~15%) in an aluminum matrix. 
Figure 29 shows optical micrograph of surface composites. In Figure 29a, it is evident that Si and 
SiC particles were uniformly distributed in the aluminum matrix and no discernible porosity or 
defects are detected. The thickness of the surface composite layer is 3 mm. Figure 29b shows the 
interface zone between the surface composite layer and the aluminum alloy substrate. The 
surface composite layer appears to be very well bonded to the aluminum alloy substrate, and no 
defects were visible.  
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Figure 28: Microstructure of DRA. 
 
 
Figure 29: Optical micrograph showing (a) uniform distribution of DRA in aluminum 
alloy matrix; (b) perfect bonding between surface composite and aluminum alloy 
substrate. 
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Figure 30: Optical micrograph showing (a) onion rings containing DRA and grains 
structure in FSP zone; (b) higher magnificent (FSP at 1000RPM – 1IPM). 
 
Figure 30 shows the micrographs of composite FSP zone in the YOZ plane (see Figure 9 for an 
illustration of the YOZ plane). Fine grain structure was not affected by fabricating the composite 
layer; the size of the grains in Phase II is similar to those measured in Phase I. Onion ring 
structure is more delineated in the DRA; the SiC and Si particles aremainly distributed along the 
onion rings. 
 
.  
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5 Discussion 
5.1 Phase I – FSP  
5.1.1 A356  
Microstructure analysis 
Material flow patterns during FSP were revealed by the macrostructure of the samples (Figure 
11). The material near the top of the FSP zone (marked by the red rectangular shape in Figure 11) 
moved under the influence of the shoulder rather than the threads on the pin. This portion of the 
material suffered severe shear force and download force generated by the tool shoulder. In the 
vertical direction, the treads of the pin tended to move the material downward along the pin wall. 
Once this portion of material reached the bottom, the geometrical constraints required that the 
material then moved up away from the pin wall. In the horizontal direction, the lateral traverse of 
the pin required that the material move from front to back. Moreover, the flow of the material in 
front of the pin on the retreating side was faster and the flow behind the pin on the retreating side 
was slower [28]. Such movement in the horizontal direction resulted in the accumulation of more 
material on the retreating side than on the advancing side; a round curve was shown on the 
retreating side.  
 
The microstructure of as-cast A356 was typical of unmodified sand-casting A356 with coarse 
needle-like Si particle sand aluminum dendrites (Figure 12a). FSP resulted in significant 
microstructure refinement and homogeneity, i.e., significant breakup of coarse acicular Si 
particles and aluminum dendrites and a uniform distribution of broken Si particles in the 
aluminum matrix (Figure 12b). The fine Si particles in the FSP A356 could have resulted from 
an intense breaking effect of the threaded pin or dissolution and precipitation of Si as a 
secondary particle. The existence of numerous fine Si particles with a submicron or nanometer 
size in the FSP A356 was also found by Z.Y.Ma et al [20], and the ultrafine Si particles in the 
FSP A356 samples were expected to exert a certain dispersion-strengthening effect on the 
aluminum matrix through the particle-dislocation interaction. Z.Y.Ma et al  [20, 23] also found 
that the Mg2Si phase could be dissolved into the aluminum matrix during the FSP thermal cycles. 
The intense plastic deformation and mixing of material during FSP facilitated the dissolution of 
the Mg2Si phase at a lower temperature and a fast rate.  
 
In Figures 14a and b, the grains in the retreating side and advancing side suffered a severe shear 
force generated by the contact of the material with the lateral surface of the tool pin and the 
screw flake on the pin. This shear force and the stir friction of the pin were not strong enough to 
break the grains; however, because of the high strain, the material was in the super-plastic 
condition. As the material moved around the pin, the friction between the materials elongated the 
grains. The advancing side had higher relative velocity than the retreating side, and the grains 
deformed more in the advancing side than in the retreating side. The area that contained these 
bending grains is defined as thermomechanically-affected zone (TMAZ) [9, 26]. Moreover, FSP 
in this experimental condition was only applied on the surface layer (3.5mm) of the workpiece 
(the thickness of the workpiece was 25.4mm) and since the thermal conductivity of Al is high, 
the heat input through FSP was not enough to form the heat-affected-zone structure, which has 
been reported by others [28, 29]. 
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5.1.2    A206 
A. Microstructural Analysis 
The nugget shape of A206 after FSP at 1000RPM – 1IPM was similar to that of A356 in the 
same experimental condition. In Figure 5, the yellow rectangular shape marks a special structure 
of FSP, called onion rings. As a matter of fact, onion rings were found not only in the traverse 
cross-section (XOZ plane), but also the in the side view cross-section (ZOY plane) and the top 
view cross-section (XOY plane). But the mechanisms that formed the onion rings in each 
direction were different. Onion rings in ZOY and XOY plane were regularly spaced curved lines 
and the space (D) between two semi-circular curves had a relationship with the processing 
parameters (rotation speed and travel speed): D= v X (2 ) (v is the travelling speed, and is 
the angular speed of the tool) [30]. The idea that the FSP was likened to an extrusion process was 
described by Colligan [31] and Reynold et al [32]. During each rotation of the tool a semi-
cylindrical portion of the material was pushed to the back of the tool and around to the retreating 
side of the tool. The material also rose to the top of the FSP zone. During one revolution of the 
tool, the tool seemed to wait for a short time and then move forward, extruding hot metal with 
each tool revolution. The position of the onion rings in the XOZ plane (Figure 15) revealed that 
the formation of the onion rings was mainly affected by the geometrical effect of the pin.  
 
It would be rather difficult to understand that these elliptical patterns were in a plane 900 to the 
rotation plane of the tool. Some explanations for the presence of onions rings in this direction 
have been offered. Biallas et al [33] explained the formation of onion rings was due to the 
reflection of the material flow from the cooler walls of the HAZ. The induced circular motion led 
to circles that decreased in radii and form the tube system. C.R. Cui et al [30] analyzed the 
formation of onion rings from the stress state under a rotating pin. In their model, the stress of 
the tool during one revolution was not constant, i.e. F1≠F2 (Figure 31). The stress state changed 
periodically during each revolution.  This periodical variation of the stress state resulted in the 
periodical variation of surface height (caused by the shoulder), thereby producing the fluctuating 
surface pattern, i.e. the onion skin pattern. 
 
 
Figure 31: Schematic illustration of variation in stress state under a rotating pin after a 
half of a revolution due to the change in relative position of the thread [30]. 
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Some researchers pointed out that second phase particle redistribution occurred in the onion 
rings structure [34]. The onion rings contained alternating regions of high and low particle 
density. K.N. Krishnam [35] pointed out that if the material was to be extruded to the back of the 
tool, there should be a cavity at the back. Air could occupy the space and oxidation of the clean 
extruded metal must take place in this cavity. 
 
FSP can be considered a hot-working process in which a large amount of deformation is 
imparted to the workpiece through the rotating pin and the shoulder. Normally, the 
recrystallization temperature of aluminum alloy is around 4000C. However, the stored energy in 
the workpiece during FSP decreased the recrystallization temperature. It was found that the 
microstructure in the FSP zone where dynamic recrystallization (DRX) occurred consisted of 
grains which were much smaller and equiaxed when compared to the dendritic structure of the 
parent material. During FSP, mechanical stirring of the pin breaks large-sized dendrites. Grain 
growth began after the DRX and recovery process.  
 
The small, equiaxed grains have resulted from the (a) high thermal conductivity of Al, the 
temperature cooled down too fast for new grains to grow; (b) pinning effect of the uniformly 
dispersed broken second phase particles. The fine second phase particles (mainly aluminum-
copper compounds) in the FSP A206 could have resulted from the (a) mechanized breaking 
effect of the tool and (b) dissolution and precipitation of the second phase particles. From the Al-
Cu phase diagram, the  phase (CuAl2) could fully dissolve when the temperature reached 5200C. 
The measured temperature during FSP in this experimental condition was approximately 4000C 
and the actual temperature in the center of the FSP zone was higher than this value.  Moreover, 
the diffusion rate of these second phase particles increased because the (a) refined grains had 
more grain boundaries where high way diffusion took place and the (b) high dislocation density 
that was introduced by the intense plastic deformation and mixing of material allowed the 
occurrence of pipe diffusion [6], which facilitated the dissolution of the  phase. The dissolved  
phase precipitated along the grain boundaries in the subsequent cooling stage. The grains were 
fine and the second phase particles dispersed uniformly. 
 
The microstructure of A206 FSP under different experimental conditions is shown in Figures 22 
and 23. Distribution of the second phase particles was similar in different conditions. However, 
the grain morphologies were different. When FSP conditions were at 500 RPM -25.4 mm/min, 
the temperature range was 306-3540C; for FSP at 1000 RPM – 25.4 mm/min and 1000 RPM -
50.8 mm/min, the temperature range were 338-4220C and 273-3500C, respectively.   When the 
rotation speed was 500 RPM, the mechanical stirring was not sufficient to break up the original 
grains; however, when the rotation speed was doubled to 1000 RPM, the broken original grains 
are homogeneously dispersed and subsequently grow.  It is clear that the temperatures attained 
when FSP was processed at 1000 RPM – 25.4 mm/min gave rise to optimum conditions for 
recrystallization vis a vis the other two experimental conditions.  In brief, it is the resultant 
temperature conditions that control nucleation and growth, and not necessarily rotation and 
traverse speeds. 
 
 
B. Thermal Profile 
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Knowledge of the thermal profile during FSP will allow us to better understand the 
microstrucutural evolution during processing. It is important to point out that the maximum 
temperature during FSP should be higher than the peak temperature recorded by the 
thermocouple because the location of the thermocouple cannot reach the tip of the pin. Thermal 
history during FSP is determined by several factors such as the energy input from the tool, the 
thermal conductivity of the workpiece, FSP parameters, and heat loss from the fixture as well as 
the accuracy of the thermocouple and the thermometer.  A successful FSP workpiece needs a 
proper amount of heat input to achieve the maximum temperature. Either overshooting or 
undershooting the maximum temperature during FSP will cause defects. For example, if the heat 
input is too low, it is hard for the pin to penetrate into the workpiece at the first stage and during 
the main stage, the pin will suffer high moving resistance. A groove-like defect will show at the 
surface of the workpiece. On the contrary, if the temperature is too high, the flow stress of the 
material can be decreased and a lot of material will be pushed out. Abnormal grain growth will 
happen under this high temperature condition. A proper maximum temperature of FSP is around 
70% of the material melting point. For aluminum, it should be 4000C-4500C.  
 
The peak temperatures during FSP were generally believed to increase with the increasing tool 
rotation rate due to an increased deformation rate [36, 37]. In the current study, FSP at 1000RPM 
– 1IPM had the highest temperature, however, the temperature of FSP at 1000RPM – 2IPM was 
slightly lower than that of FSP at 500RPM – 1IPM (Figure 25b). The reason for this was not 
clear. A possible reason was that FSP was only applied on the thin top layer of the one inch thick 
workpiece and the relation between the heat input and materials interfacial slip in workpiece with 
such dimensions was not as easy as in those thin nearly fully penetrated workpiece.   
C. Tensile Distribution 
The tensile properties of as-cast-T4 A206 and FSP (1000RPM -1IPM) specimens are shown in 
Figure 26. The T4 treatment resulted in the dissolution of some coarse CuAl2 phase in as-cast 
sample and the subsequent re-precipitation of CuAl2 phase. The precipitate hardening effect 
resulted in an increase in strength and reduction in ductility. The ductility of such as-cast-T4 
A206 was still poor, because T4 treatment cannot change the dendrite structure or the needle-like 
second phase particles morphology. Compared with the strength of as-cast-T4 A206 tensile 
specimen, FSP decreased the yield strength, because FSP ruined the solutionize condition 
introduced by T4. However, the ductility after FSP increased from 5.7% to 13.7%. The 
significant improvement of ductility was attributed to (a) the breakup of coarse CuAl2 (b) the 
uniformly distributed CuAl2and (c) the elimination of porosities. Although the tensile profiles of 
the as-cast A206 were unknown, we can correctly guess that the strength and the ductility of 
A206 specimen which was FSP at 1000 RPM -1IPM would increase compared with those 
properties of the as-cast specimen based on the Hall-Petch effect.  
D. Hardness Distribution 
The as-cast-T4 A206 had an average hardness up to 83.5 HK. The hardness profiles (Table 4) 
indicated an increase in the nugget hardness after FSP. This increase was attributed to the grain 
refinement through DRX, which was in accord with Hall-Petch principle. Moreover, the 
hardness in the shoulder affected zone was higher than in the general part of the FSP zone, 
because the grain size in the shoulder affected zone was smaller than in other part of the FSP 
zone. In the TMAZ area, the material became softer compared with the parent material. This 
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could have resulted from (a) the large grain size and (b) the dissolution of precipitates into the 
matrix during FSP.  
 
    
5.2 Phase II – Composite Fabrication  
5.2.1 A206 Composite Fabrication 
The microstructure of DRA was characterized by high density of coarse SiC and Si particles 
(Figure 28). After FSP, it was evident that Si and SiC particles were uniformly distributed in the 
aluminum matrix and no discernible porosities and defects were detected (Figure 29a). 
Compared to the sharp SiC particles in the DRA, the aspect ratio of the SiC particles were 
obviously decreased after FSP (Figure 29b).  The improved distribution and morphology of SiC 
was due to intense plastic deformation and material mixing during FSP. The rotating pin 
produced a breaking effect on the SiC particles, resulting in the cracking of some large particles 
and the knocking off of corners and sharpened edges from the large particles [38]. 
 
In Figure 30, the onion rings patterns in the YOZ plane were evidently visible in the FSP zone. 
The swirl onion rings were characterized by a segregated, banded microstructure consisting of 
alternating hard particle-rich and hard particle-poor regions. These fine particles were identified 
to be Al-Si-C-Cu phases. The formation mechanism for such segregated onion rings was not the 
same as that described in the previous section. A possible reason for the particle segregation was 
the entrainment of the particles with appropriate size in the region corresponding to high strain 
rate gradient [34]. It was noted in Figure 30a that the existence of SiC has not prohibited the 
DRX during FSP. In the composite layer, the mean interparticle distance was estimated to be 
10µm. Only when the SiC particle size was less than 0.1µm and the interparticle spacing was less 
than 10.5µm can recrystallization be inhibited, because the dislocation cell structure in the 
deformed metal became anchored and stabilized by the particles [39]. Therefore, there was 
enough space for DRX. Moreover, due to the existence of SiC particles, the grain size should be 
smaller compared with FSP for microstructure evolution only (Phase I). This could have resulted 
from two reasons. First, the deformation of the hard SiC particles was difficult, which led to the 
accumulation of more strain in the material, and then the driving force for DRX became higher. 
Second, the pinning effect of the particles confined the grain growth.  
 
5.3 Mathematical Model of Heat Input in FSP 
Figure 32 is the schematic diagram of FSP workpiece and fixture. A fixture comprising a 
backing plate, two wedges, four bolts and four washers was applied to restrict the workpiece 
from moving in all directions.  
 
During FSP, heat was generated at or close to the contact surfaces, which had complex 
geometries according to the tool shape. For the analytical estimation, a simplified tool geometry 
was assumed. The tool contained a flat shoulder, whose diameter was 16mm. At the end of the 
shoulder, a conical pin with a flat tip surface was machined. The maximum diameter of the 
conical pin was 8mm, and the minimum diameter of the conical pin was 6mm. The simplified 
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tool design is presented in Figure 33, where Q1 was the heat generated under the tool shoulder, 
Q2 at the lateral side of the pin and Q3 at the pin tip; the total heat generation Qtotal = Q1 + Q2 + 
Q3.  
 
During FSP, it was beneficial if a backward tilt angle was applied. Such a tilt angle is the 
included angle between the tool axis and the normal to the workpiece. In FSP, the material was 
deposited near the trailing edge of the advancing side by the drawing effect of the rotating tool.  
Providing a backward tilt would help in consolidating the plastically deformed material near the 
trailing edge of the advancing side by creating a compressive stress in the retreating side. Thus, a 
backward inclination would help in reducing the cavity formation tendency. The backward tilt 
also compensated for any loss of the material by a flash formation. In the current study, the three 
degrees tilt angle was acquired by applying a backplate whose surface was machined into a slant 
surface, and the angle between the slant surface and the horizontal direction was three degrees. 
The spindle of the machine was kept vertically during FSP; however, the tool moved down lower 
and lowers in the vertical direction when contacted with the workpiece (Figure 34a). 
 
 
Figure 32:  Schematic diagram of the FSP workpiece and fixtures. 
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Figure 33: Heat generation contributions in analytical estimates. 
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Figure 34: A modified contact condition between the tool and the material during FSP: (a) 
schematic diagram of the tool contacting with the material; (b) computer modeling of the 
tool contacting with the material; (c) geometry model of the tool; (d) effective area of the 
tool shoulder contacting with the material.   
 
Figure 34b shows the real contact condition between the tool and the material, which was 
modeled by computer. Only part of the tool shoulder bottom area was beneath the surface of the 
material, and the heat contribution of this part p of the shoulder should be modified. Figures 34c 
and 34d are the modified penetrating base area, where Q1was generated. Figure 34c describes the 
minimum penetration depth required in FSP, and in this condition, the whole part of the pin was 
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right under the workpiece. Figure 34d is the bottom view of the tool shoulder when the minimµm 
penetration depth was applied.  
Geometrically, the minimum penetration depth could be calculated by, 
                                                          (1) 
d = the minimum penetration depth 
 = the tilt angle, which was three degrees in the current study 
 
The heat generated during FSP is calculated in the following sections. The general equation for 
heat generation is, 
                          (2) 
Applying the cylindrical coordinate system and integrating twice, 
                                                        (3) 
 = tool angular speed 
M = torque 
F = contact force 
r = tool radius 
 = contact shear stress 
Heat generated from the tool shoulder is equal to two parts: 
I: from the under surface area of the shoulder (horizontal direction) 
                                                         (4) 
  +           (5) 
The penetrating base area of the shoulder contains a sector area and a triangle shape area. The 
central angle of the sector is 1.15 ; the heat generated in the sector area is represented in the 
former integral and the heat generated in the triangle shape area is represented in the later 
integral. 
II: from the lateral area of the shoulder (vertical direction) 
Due to the tilt effect, the trailing edge of the shoulder penetrated into the workpiece. Strictly, this 
part of area could also contribute to the heat generation; however, because the height of the tool 
shoulder, which was under the workpiece was so small (0.681mm modeled by CATIA), this part 
of heat was neglected. 
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As a result,   
  +               (6) 
 
Heat generated from the tool lateral surface of the pin is equal to: 
                              (7) 
where  is the bottom angle of the conical shape, which is shown in Figure 23. 
Heat generated from the tool tip of the pin is equal to: 
                                           (8) 
The three contributions are combined to get the total heat generation : 
                                                       (9) 
The fractions of heat generated by the tool shoulder and tool pin are respectively, 
                                                            (10) 
                                                                 (11) 
Equations (1) to (11) are based on the general assumption of a constant contact shear stress, 
which depends on the material contacting condition during FSP [40, 41]. 
H. Schmidt et al [42] divided the contact conditions between the rotating tool surface and the 
weld piece into three conditions, namely sticking condition, sliding condition and partial 
sliding/sticking condition. They found that the Coulomb’s law (  ) was not suitable 
in all contact conditions. In Figure 35 the velocity differences between the top surface segment 
and lower surface segment during FSP resulted in the generation of matrix internal shear stress. 
However, the normal interpretation of Coulomb’s law is based on rigid contact pairs, without 
respect to the internal stress. Table 5 is the definition of each contact condition [42]. 
 
Table 5: Definition of contact condition, velocity/shear relationship and state variable 
(dimensionless slip rate). 
   Condition                Matrix velocity         Tool velocity           Shear stress           State variable 
   Sticking                                               
Sticking/sliding                                0  
   Sliding                                                                    
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Figure 35: Schematic diagram of the generation of matrix internal shear stress. 
In sticking condition, 
 
 = material yield stress 
In sliding condition, 
 
In sticking/sliding condition, 
 
 
In the current study, FSP was applied only in the top thin layer of the workpiece; the lower 
surface segment was much thicker than the top surface segment. Especially in the initial stage, 
when there was not much heat accumulated in the workpiece, the sliding condition dominated. 
As the yield stress of the material decreased with the increased temperature during FSP, the 
sticking condition dominated in the later quasi-steady processing stage. 
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6. Conclusions 
Through this work we have validated that the friction stir process has many applications in metal 
processing, and that it is an efficient post-casting process. FSP can manipulate the casting 
microstructure and improve the mechanical properties of the casting. FSP is also an effective 
way for composite fabrication in casting alloys.  
 
The conclusions of the current work are summarized as follows: 
In Phase I,  
• The microstructure evolution of A356 during FSP was verified and validated. Si and 
Mg2Si phases were distributed uniformly in the aluminum matrix after FSP, and the size 
and aspect ratio of these particles decreased significantly. Porosity was nearly eliminated 
by FSP.  
• FSP was applied to manipulate the A206 microstructure to refine or strengthen locally. 
The grains in the stirred zone of A206 refined to micrometer level, and the grain 
boundaries were clearly revealed, which was different from the microstructure of A356 
alloy in this study. Second phase particles were distributed uniformly in the aluminum 
matrix after FSP, and the size and aspect ratio of these particles decreased significantly. 
Porosities were almost eliminated by FSP.  
• Effects of the process parameters on A206 alloy, i.e. tool rotation speed and traverse 
speed were investigated. An optimum experimental condition was established: FSP at 
1000 RPM – 1IPM  
 The mechanism of grain refinement in A206 is that of dynamic recrystallization (DRX). 
The temperature evolution in the sample during FSP is key to initiate DRX. The thermal 
history in the processing direction for A206 shows the same trend at different locations. 
The FSP temperature was affected by tool rotation speed and traverse speed, and the 
temperature reached the dynamic recrystallization temperature of the alloy.  
 A mathematical model was established to quantitatively calculate the heat input from 
different parts of the tool referring to the real tool geometry. 
 Tensile and microhardness tests on the as-processed A206 specimen were carried out to 
investigate the effect of FSP on mechanical properties of the alloy. FSP resulted in higher 
ductility in the as-cast-T4 A206. The higher ductility was due to the elimination of 
porosity and the breakup of coarse second phase particles. The microhardness profile in 
the majority of the nugget after FSP was improved because of grain refinement, which 
was in accord with the Hall-Petch relationship. The relatively lower microhardness in 
TMAZ could have resulted from the large grain size and the dissolution of precipitates 
into the matrix during FSP. 
 FSP was also applied on the bending fatigue specimen of Mercury Marine alloy A367. 
Preliminary microstructural analysis of the as-cast A367 and FSP A367 were carried out.  
 
In Phase II, 
FSP was used for composite fabrication in the top layer of A206 substrate. The discontinuously 
reinforced aluminum (DRA) which contained 15% weight percent SiC was introduced into one 
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inch thick sand cast A206 substrate. The surface composite layer is well bonded to the aluminum 
alloy substrate. Defects were not visible validating that FSP is an effective way for composite 
fabrication in Al cast alloys. 
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7 Suggestions for future work  
 
 Analyze the mechanical properties of A206 alloys processed in different FSP conditions, 
and establish the optimum experimental condition.  
 
 Investigate the behavior of A367 bending fatigue specimen after FSP when subject to 
dynamic loading.  Mechanistic understanding the fatigue and fatigue crack growth 
characteristics of the FSP A367 is required. 
 Apply the mathematical model and establish the temperature profile of the dynamic heat 
source during FSP. Calculate the heat input during FSP with this model in an effort to 
analyze the role of stored energy in recrystallization and microstructure refinement. 
 
 Create particle reinforced zone by mixing-in strengthening particles as well as embedding 
DRA in the substrate. After the microstructural analysis, one should examine the resultant 
mechanical properties at variable experimental parameters.  
 
 Establish the operation window for composite fabrication. 
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9 Appendices 
 
 
9.1 Appendix A: Literature Review 
 
 
9.2 Appendix B: Manuscript for 4th International Light Metals Technology Conference 
(accepted for publication in Materials Science Forum) 
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Introduction 
 
1.1 History of Friction Stir 
 
In modern world, the strong demand of weight reduction in vehicle and aircraft manufacturing 
industry urges the design of products employing low weight materials very much. Lighter metals 
such as alµminµm alloys, is a kind of especially optimµm material. However, in current cast 
processing, there come some inevitable defects, i.e. porosity, coarse acicular Si particles, and 
coarse primary alµminµm dendrites [1-4], which may low the quality of the castings. In order to 
overcome these problems and generate advanced materials that owe very high specific modulus, 
strength to weight ratio, fatigue strength and wear resistance, two methods were introduced into 
the industry—chemical modification and thermal heat treatment [4-6]. But it proved later in the 
practice that both the two methods have limitation to solve all defects [4, 5, 7, 8]. 
 
Luckily, friction stir processing (FSP) was generated in late 1990s, basing on the principle of 
friction stir welding (FSW) [9]. Friction stir welding was invented at The Welding Institute (TWI) 
of UK by W. M. Thomas et al. in 1991 as a solid-state joining technique, and it was initially 
applied to alµminµm alloys [10, 11]. The principle of FSW is simple, and Fig. 1 [12] shows the 
FSW tool plunging and traversing. A non-consµmable rotating tool is employed of various 
designs, and the probe of the tool is applied to the abutting faces of the workpiece and rotated. 
When the tool is rotating, the workpiece could be softened due to the heat, which is 
accomplished by friction between the tool and the workpiece and plastic deformation of the 
workpiece. The plasticized region is around the immersed probe and at the interface between the 
shoulder of the tool and the workpiece. The shoulder provides additional frictional treatment to 
the workpiece, as well as preventing plasticized material from being expelled from the weld [13]. 
 
FSP was developed by Mishra et al. [9, 14] in 1997. In this case, a rotating tool is inserted in a 
monolithic workpiece (Fig. 2) [15], which is the main difference from FSW. During FSP process, 
the material undergoes intense plastic deformation at elevated temperature, resulting in 
generation of locallized fine and equiaxed recrystallized grains [16-18], and then improves 
mechanical properties.  
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Figure 1: Welding tool plunge (left) and traverse (right) [12]. 
 
 
 
 
Figure 2: Schematic illustration of friction stir processing: a) rotating tool prior to contact with 
the plate; b) tool pin makes contact with the plate, creating heat; c) shoulder makes contact, 
restricting further penetration while expanding the hot zone; and d) plate moves relative to the 
rotating tool, creating a fully recrystallized, fine grain microstructure [15]. 
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1.2 Applications of FSW/FSP 
 
It is proved that FSW/FSP could be used to produce high strain rate superplasticity [9, 19], 
surface composite on alµminµm substrate [20], and homogenization of powder metallurgy 
alµminµm alloy [21], microstructural modification of metal matrix composites [22] and property 
enhancement in cast alµminµm alloys [23]. FSW technique is developed more than FSP, and in 
real practice, FSW has been applied sooner than FSP. Because of those qualities mentioned 
above, FSW is licensed for over 170 users, including welding the seams of the alµminµm main 
Space Shuttle external tank, Boeing Delta II and Delta IV Expendable Launch Vehicles and the 
Space X Falcon 1 rocket. A look at the history of production implementation of FSW (Table 1) 
[12] shows that the majority of production applications have involved joining extruded shapes to 
make some useful product [24]. Several specific examples are as followings. 
 
          
Table 1: Chronology of Production Application of FSW through 2004 [12]. 
 
 
1.2.1 Ship construction  
 
After FSW being used in alµminµm, the method also allows lead [25], magnesiµm [26], steel 
[27], titaniµm [18], zinc, copper [28] to be welded continuously. The unique properties of 
friction stir welds make possible some completely new structural designs with significant impact 
to ship design and construction [24]. Europe and Japan first demonstrated in construction, the 
cost, durability and welding distortion could be improvement, and it is now becoming more 
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widely accepted in the United States. For example, the US Navy highlighted manufacturing 
technologies as being essential to achieving the Littoral Combat Ship (LCS) Program’s strategy 
to reduce acquisition costs. With the planned 55 ship LCS class being a key part of the 313 ship 
Navy strategy, friction stir welding of alµminµm panel structures is playing a key role in 
reducing LCS costs [29]. 
 
1.2.2 Army defense applications 
 
Wider applications of FSW and FSP in army have great values, especially in weapons systems 
programs [29]. Apart from this, in army programs, new generation of ground combat vehicles-
Future Combat System (FCS) could be developed by FSW or FSP. Because these vehicles must 
be lightweight, capable of transport by C-130 aircraft, alµminµm alloys for improved properties 
is very useful, and these alloys can be produced by FSP. Moreover, in many conditions, it is 
required dissimilar alloys to be joined together, so FSW is an effective way to realize. 
2 Process 
 
2.1 Working principle 
 
Friction stir processing (FSP) has been developed by adapting the concepts of friction stir 
welding (FSW) [10]. The basic principle of FSP is remarkably simple [14]. It is a solid state 
processing [30]. The tool consists of a cylindrical shoulder and a non-consµmable high strength 
pin at the end. The tool rotates at a certain speed and the pin is forced with a pre-determined load. 
After the pin is plugged into the materials to be processed, the tool moves along the desired bond 
line on the workpiece. At the same time, the shoulder confines the material into a certain line of 
interest. During the process, localized heating is produced by friction between the shoulder and 
the surface of the workpiece, and the localized severe deformation also contributes to heat 
generation. This new thermo-mechanical processing has been found to an effective way for the 
grain refinement of alloys, especially alµminµm alloys [14, 31-33]. 
 
2.2 The tool 
 
Friction stir tool plays an important role in friction stir processing. It decides what kinds of 
materials could be processed and the dimension of the workpiece. The shoulder will control the 
material flow in a certain region, and the pin will generate heat and severe plastic deformation. 
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Eventually, the friction stir tool affects the microstructure and mechanical properties. However, 
little knowledge about the friction stir processing tool geometry was published before, and 
information on friction stir welding tool could be reference to understand the tool [13, 34-36, 36].  
 
 
Figure 3: Cylindrical threaded pin type probe [13]. 
Table 2:  Different pin geometries of four friction stir tools [34]. 
 
 
Generally, a cylindrical threaded pin type probe is used (Fig 3). However, not only material flow, but also 
several other limitations are proved to be existing using this tool [13].   
 
Yan-hua Zhao et al [34] compared four different friction tool pins to examine the influence of 
pin geometry on bonding and mechanical properties in 2014 Al alloy. Four different pin 
geometries of friction stir tools are shown in Table 2. The best quality weld was acquired using 
the taper with screw thread pin. No obvious defect was found, and the microstructure of the 
processing region was even with fine grain, as well as good mechanical properties.  
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Actually, TWI has already developed the taper pin in 2001, and complex features have been 
added to alter material flow and mix and reduce process loads. These were two kinds of tools, 
named WhorlTM and MX TrifluteTM respectively (Fig. 4, Fig.5).  
 
Figure 4: WhorlTM and MX TrifluteTM tools developed The Welding Institute (TWI), UK 
(Copyright 2001, TWI Ltd) (after Thomas et al [37]). 
   
 
Figure 5: Scheme of MX TrifluteTM tool in FSW [13]. 
 
Thomas et al [35] pointed out that pins are shaped as a frustµm could displaces less material than 
a cylindrical tool of the same root diameter; the WhorlTM reduces the displaced volµme by about 
60%, while the MX TrifluteTM reduces the displaced volµme by about 70%. The ratio of the 
swept volµme during rotation to the volµme of the pin itself, i.e., a ratio of the “dynamic volµme 
to the static volµme” is important to provide an adequate flow path. With the data above, this 
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ratio for pins with similar root diameters and pin length is 1.1:1 for conventional cylindrical pin, 
1.8:1 for the WhorlTM and 2.6:1 for the MX TrifluteTM pin (when welding 25 mm thick plate). 
The higher ratio means the easier material flow, and therefore, more heat generated.    
 
With more understanding the friction stir material flow and presµming better tools for friction 
stir welding, the tool geometry has evolved significantly. TWI developed two new tool 
geometries, Flared-TrifuteTM and Skew-stirTM respectively [13]. The forms of the two tools are 
shown in Figure 6 and Figure 7. The flute lands of the Flared-trifluteTM are flared out and the pin 
axis of the Skew-stir TM are slightly inclined to the axis of machine spindle, which are the 
characters of the tools. With these tools, the ratio between the swept volµme and static volµme of 
the pin increased, and the flow path around and underneath the pin also increased. The flared-out 
flute could widen the deformation region, and Skew-stir improved the mixing action for oxide 
fragmentation and dispersal at the weld interface, providing an orbital forging action at the root 
of the weld due to the skew action, thereby improving weld quality in this region [38].   
 
Figure 6: Basic variants for the Flared-TrifluteTM type probes. a) Neutral flutes. b) Left hand 
flutes. c) Right hand flutes. d) Ridge detail showing that ridge groves can be neutral, left, or right 
handed [10].  
 
Figure 7: Basic principle of skew-stirTM [10]. 
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2.3 Energy 
 
In friction stir processing, plastic deformation around the rotating tool and friction between tool 
and workpieces result in temperature increasing in and around the friction region. To understand 
the heat generation in FSP and the energy input is important for controlling the process, thereby 
getting materials with fine microstructure and good mechanical properties. 
 
2.3.1 Heat Generation 
 
Recently, Schmidt et al [39] have developed a model for heat input during friction stir, and 
verified the model using 2024 Al-T3. Three contact conditions are established, sticking, sliding, 
and partial sliding/sticking conditions respectively. Using Coulomb’s law of Friction, the shear 
stress on the sample is equal to the friction coefficient multiplied by the contact pressures: 
 
                                                       (1) 
 
where µ is the friction coefficient, p and σ are distinct contact pressures used by Schmidt et al.  
 
In sticking condition, the matrix surface will stick to the moving tool surface segment, if the 
friction shear stress exceeds the yield shear stress of the underlying matrix. In sliding condition, 
the matrix segment volµme shears slightly to a stationary to a stationary elastic deformation, 
where the shear stress equals the dynamic contact shear stress, if the contact shear stress is 
smaller than the internal matrix yield shear stress. Partial sliding/sticking condition is a mixing 
state between the former two.  
 
The expressing for total heat generation for the three conditions is, 
 
 (2)                  
 
 (3)                   
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(4) 
 
where Q is the total heat generation (W), σyield  the yield strength (Pa), ω the tool angular rotation 
rate (rad/s), Rshoulder the tool shoulder radius (m), Rprobe the tool probe radius (m), α the tool 
shoulder cone angle (°), Hprobe the tool probe height (m), p the contact pressure (Pa), and δ is the 
contact state variable. 
 
The contact state variable is introduced in the expression for the analytical heat generation to 
accommodate different contact conditions and the final expression for the heat generation 
demonstrates flexibility for assµming different contact conditions [39]. 
 
2.3.2 Different fraction of heat input from different parts 
 
Models are established to analyze the heat contribution of different parts of the friction stir tool 
[39-41]. Cylindrical coordinate surface orientations (Fig 8) and a calculating equation are 
introduced: 
                                                                                                                                 
                                                                (5) 
 
(6) 
 
                                           (7)  
where ω is the tool angular speed and M is the torque. The torque M, is equal to the contact force 
times the position on the tool radius, and the contact force is then equal to the contact shear stress, 
τcontact times the suface area.  
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  Figure 8: Surface orientations in cylindrical coordinates used to derive heat flow equations [39].  
 
Figure 9: Heat generation contributions in analytical estimates [39]. 
                                
Schmidt et al [39] adopt a typical FSW tool showing escape channel to model the different parts 
heat. The simplified tool design is presented in Figure 9, where Q1 is the heat generated under 
the tool shoulder, Q2 at the tool probe side and Q3 at the tool probe tip, hence the generation, 
Qtotal = Q1+ Q2 + Q3. 
    (8) 
 
                (9)                                                  
 
(10) 
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     (11) 
 
                                                                              
 
Hofmann et al [42] used a tool contain a radius of curvature, as shown in figure 10, to prevent 
shearing of the tool bit during the multiple passes associated with creating bulk samples. 
 
 
      
Figure 10: FSP tool showing radius of curvature from grinding wheel [42]. 
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Figure 11: The four parts of a FSP tool that touch the sample [42]. 
 
                                                          (13)                                                                                           
 
                                                          (14) 
                                        (15) 
 
                                            
 
                                                                (17) 
 
 (18) 
 
     (19) 
 
                                   (20)                                                               
 
(21)      
 
where Q1 is the heat generated under the shoulder, Q2 is the bit cylinder, Q3 is the bit tip, and Q4 
is the heat from bit radius. 
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2.3.3 The part contribute most 
 
There is a longstanding controversy about which part of the tool contribute the majority of heat. 
This can be addressed by first creating a model for heat input and then compared the model to 
actual heat flow data examined by thermo-couple. 
 
Hofmann et al [42] model Al-6061-T6 alloy. Two FSP experiments were performed with a 19.1 
mm diameter shoulder and a 12.7 mm diameter shoulder respectively. The data are shown in 
Table 3. The actual heat flow data obtained from thermocouple under the samples in Table 4 
along with the prediction from the model. 
 
The date derived from modeling is much closer to those gained in actual situation. And it clearly 
demonstrated the shoulder contributes the most fracture of the heat. 
 
Table 3: Heat input percentages for various bit designs [42]. 
 
 
Table 4: Comparison of models with actual heat flow data [42]. 
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This result is similar to the conclusions drawn by other modeling. Schmidt et al [39] shows the 
heat input was 86% from the shoulder of the tool, 11% from the sides of the bit, and 3% from the 
tip of the bit. Song and Kovacevic [41] obtained data showed that only 2% of the heat generation 
was derived from the bit.  
 
 
2.4 Metal Flow  
 
2.4.1 Methods to measure metal flow patterns 
 
In order to understand the mechanism of FSP, we must learn the materials flow pattern. However, 
the materials flow during the process is complicated, due to different tool geometries, processing 
parameters, i.e. pin rotation speed or traverse speed, and kinds of materials. Many researchers 
tried to examine the metal flow pattern by various methods. Generally, three kinds of methods, 
tracer technique by maker [43-48], microstructure observations [49-54], and computer modeling 
[55-61] respectively, are used. 
 
2.4.2 Materials flow pattern 
 
Different flow pattern are described by various methods, some are concerned on certain direction 
of the stirred zone and some are shown based on the whole stirred zone. Z.Y. Ma et al [62] show 
the vertical direction material flow, that the treads of the pin tend to move material downward 
along the pin wall. Once this material reaches the bottom, the geometrical constraints require that 
the material move up away from the pin wall. But later Guerra et al [46] pointed out that the 
material near the top of the weld (approximately the upper one-third) moved under the influence 
of the shoulder rather than the threads on the pin. In horizontal direction, the flow of the material 
in front of the pin on the retreating side is faster, but the flow behind the pin on the retreating 
side is slower. The lateral traverse of the pin requires that the material move from front to back. 
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The material in front of the pin moves upward and the material behind the pin moves downward. 
The tangent movement of the material takes the main contributions to the flow of the material in 
FSP [63]. 
 
The metal flow mechanism still has not been determined, however, an in situ extrusion process 
pattern [44] pointed out by Reynolds et al is as the current dominated mechanism. They 
suggested that in this extrusion process, the tool shoulder, the pin, the weld backing plate, and 
cold base metal outside the weld zone form an “extrusion chamber” which moves relative to the 
workpiece. They also concluded that the extrusion around the pin combined with the stirring 
action at the top of the weld created within the pin diameter a secondary, vertical, circular motion 
around the longitudinal axis of the weld. 
 
The idea that the extrusion mechanism is also supported by Xu et al.[55]. Xu et al developed two 
finite element models to simulate the process, and the result compared qualitatively well with the 
work done by Reynolds et al.  Krishnan [49] also agreed with the extrusion mechanism. He 
investigated the formation of onion rings in friction stir welds of 6061Al and 7075Al alloys. He 
pointed out onion rings found in the weld zone is a direct evidence of characteristic material 
transport phenomena occurring during the process, and the onion rings are results of extruding. 
 
However, some researchers held the view different from the extruding mechanism. Biallas et al. 
[64] also investigated the onion rings, and they suggested the formation of onion was attributed 
to the reflection of material flow approximately at the imaginary walls of the groove that would 
be formed in the case of regular milling of the metal [38], so they disagreed on the extruding 
process. 
 
Ma et al [62] researched the flow mechanism by analyzed the microstructure of A356 alloy, and 
they regarded the extrusion process was not correct either. They observed that the acicular Si 
particles were broken and redistributed homogeneously through the alµminµm matrix after FSP 
in the optical micrographs. This phenomenon is not the same as the previous investigations, 
which indicated that the extrusion at high temperature does not reduce the high-aspect-ratio 
reinforcements to nearly equiaxed particles [52, 53], and the as-extruded metal matrix 
composites are usually characterized by alternative particle-rich bands and particle-free bands 
[54, 65].   
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With these complex and controversial conclusions, it is a critical issue to observe and establish a 
fully developed metal flow mechanism. 
 
2.5 Friction stir processing vs. Friction stir welding 
 
2.5.1 Similar points 
 
Friction stir processing is developed based on friction stir welding, so that the principles of the 
two forming methods are the same with each other. They are all solid-state, thermo-mechanical 
processes, which accompanied severe plastic deformations. Both of the two technologies involve 
plunging a rotating, non-consµmable tool, comprising a profiled pin and a larger shoulder into 
the surface of the workpiece, and then traveling the tool along the workpiece. The energy input, 
temperature distribution and material flow are similar during the two processed. Material 
properties could be improved through these technologies. 
 
2.5.2 Different points 
 
The purpose of using FSP and FSW are different. FSP is a surface-engineering technology that 
can locally manipulate materials microstructure, refine grain and eliminate casting defects, 
thereby improve material mechanical properties; while FSW is used to generate joint.  
 
Due to the different uses of the two processes, respective workpiece are not the same. In FSP, a 
monolith workpiece with the same material composite is processed. While in FSW, two 
workpieces, either with the same material composite or dissimilar alloys could be processed in 
ease.  
 
 
Friction stir processing application 
 
Structure manipulation 
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3.1.1 Different microstructure zones 
 
Friction Stir Processing region could be divided artificially into three zones based on the 
microstructure and deformation degree. They are nugget, thermo-mechanically affected zone 
(TMAZ) and a heat-affected zone (HAZ) [66]. Figure 12 shows the comparison of the different 
zone.  Other researchers also used this division, but they concerned mainly on the nugget, in 
which consisted a very fine and equiaxed grain structure [14, 19, 67].  
 
 
Figure 12: Different zones of FSP sheet. a) microstructure of different zones b) scheme of 
different zones [63].   
 
3.1.2 Grain size 
 
Microstructure evolution will occur in FSP, and one important aspect is grain refinement [68]. This is 
proved in many researchers’ work. Generally, the FSP could produce grain size between 0.5-12 µm [66, 
67, 69-74]. 
 
5083 Al dealt by FSP could result in grain size 12.1 + 3.6 µm [14]. C.G. Rhodes et al [75] used FSW to 
attain 10 µm grain size in 7075 Al. Later, commercial 7075 Al rolled plates were subjected to FSP with 
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different processing parameters resulting fine-grained 7075 Al alloys with a grain size of 7.5 µm and 3.8 
µm [67]. I. Charit et al [19] also gained fine grain size 3.9 µm in a commercial 2024 Al alloy via FSP. 
The finest grain size generated with FSP is 0.5 µm till now by Y. J. Kwon et al [76] in 1050 Al alloy. The 
optical microstructure of the FSP 2024 Al alloy is shown in Figure 13. 
 
 
  
Figure 13: a) Macrograph of the friction stir processed region of 2024 Al. Microstructure of, b) the parent 
material, and c) center of the fine grained FSP region [19].  
 
3.1.3 Second phase particles 
 
FSP could not only refine the matrix material grain size, but also change the morphology of 
particles existing in matrix material. Y. J. Kwon et al [76] dealt 1050 Al alloy with FSP, and 
there was an absence of relatively large second-phase particles in the central region of the nugget 
as compared with the unprocessed zone (Fig 14). They suggested that this might be 
consequences of the breakup and the rearrangement of second-phase particles by mechanical 
stirring action of the rotating headpin during FSP.  
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Figure 14: Comparison of second-phase particles a) unprocessed zone b) FSP zone with tool 
rotation speed of 560 RPM and the tool traverse speed of 155 mm/min [33].   
 
Table 5: Size and aspect ratio of Si particles and porosity volµme fraction in FSP and as-cast 
A356 [70]. 
 
 
Z.Y. Ma et al [70] observed the Si particles in A356 after FSP. Optical micrographs are shown in 
Fig. 14. Coarse acicular Si particles were distributed along the primary alµminµm dendrite 
boundaries. The average grain size was ~100 µm and the Si particles had an aspect ratio of up to 
15. However, FSP resulted in a significant breakup of acicular Si particles and subsequently a 
uniform redistribution in the alµminµm matrix. Further, they examined the effects of different 
processing parameters on particles. Results are shown in Table 5. 
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3.1.4 Grain boundary morphology  
 
Grain boundary morphology taken from FSP mainly includes two aspect, respectively grain 
boundary misorientation and dislocation.  
 
In the last decade, orientation imaging microscopy (OIM) has proved to be a very valuable tool 
to establish the grain boundary misorientation distribution data from same set of experiments in 
FSP. Quantitative measurement of grain boundary misorientations were performed using OIM by 
J.-Q. Su et al [73]. They specially pointed out the as-obtained OIM maps were subjected to a 
“cleaning” procedure: (1) unsolved pixels were filled with the value from its nearest neighbours; 
(2) one grain contains at least two scan points. The analysis was based on approximately 480 
grains. Boundaries with misorientation angle less than 1° were neglected. The sparial distribution 
of different boundary types and statistical result are shown in fig 11. The area analyzed is 
divided by high angle boundaries (about 95%), while very few low angle boundaries were 
detected. K. V. Jata et al [71] compared the grain boundary misorientation in Al-Li-Cu alloy (Al-
1.8 Li-2.7 Cu-0.33 Mg-0.33 Mn-0.04 Zr-0.7Zn) after FSP with the alloy before FSP. Fig. 12 is 
the statistical result. Before FSP, the misorientation distribution showed a large nµmber of 
rotations less than 10°, and at approximately 60°. While after FSP, the grain-misorientation-
angle-histogram showed a flatter distribution compared to the parent material. Misorientation 
between 10° and 30° were doubled, and the nµmber between 30° and 60° remained 
approximately constant. I. Charit et al [19] and R.S. Mishra et al [14] also reported the high 
angle grain boundary misorientation in their research (Fig 15). 
 
J.-Q. Su [73] observed dislocation and grain boundary forms in TEM in four different specimens 
dealt with the same FSP but under various cooling rate conditions. The cooling rate decreases 
from specimen A to D. In specimen A, no dislocations were clearly observed, even in the 
extremely fine grains (<30 nm). These grains included sharp boundaries and inclined boundaries. 
The boundaries of a few larger grains appeared to very irregular instead of straight, but no 
dislocations were detected in these larger grains either. In specimen B (grain size is about 50-300 
nm), grain boundaries forms were similar to those in specimen  
A, but dislocations were clearly visible within some larger grains of 200-300 nm,   
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a) 
 
 
b) 
Figure 15: OIM results for nµmber fraction versus misorientation angle between grains a) Al-Li 
before FSP b) Al-Li after FSP [71]. 
 
which suggested that additional plastic deformation has occurred in the grains. In specimen C 
(grain size is from 100-400 nm), no dislocation were detected in smaller grains (<200nm), while 
larger grains contained chaotically distributed dislocations, but the density of dislocations is 
quite different from grain-to-grain.    
 
In specimen D (grain size is 300-800), a variety of dislocation structures were observed even in 
grains of smaller size. Some grains contain a low density of dislocations while a high density of 
dislocations was observed in many grains.  
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3.1.5 recrystallization and mechanism      
  
The equiax and small size grains attained in FSP are contributed to a dynamic recrystallization 
[77-79], because it is correspond to some recrystallization principles. Several factors could affect 
the recrystallization, such as the workpiece temperature [78] and processing parameter, i.e. tool 
rotation rate/traverse speed [77, 79]. Two sµmmaries of ultrafine-grained microstructures 
produced via different cooling methods and different tool rotation rate/traverse speed are shown 
in Table 6 [38] and Table 7 [19].  
Table 6: A sµmmary of ultrafine-grained microstructures produced via FSW/FSP [38]. 
 
 
Table 7: Grain sizes obtained in different processing parameters in 2024 Al [19]. 
 
 
The two tables show the conclusions that the recrystallized grain size decreases with decreasing 
annealing temperature or decreasing the ratio of tool rotation rate/traverse speed. 
 
Several mechanisms have been proposed for dynamic recrystallization process in alµminµm 
alloys, such as discontinuous dynamic recrystallization (DDRX), continuous dynamic 
recrystallization (CDRX), and geometric dynamic recrystallization (GDRX) [80-86].  
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CDRX have been proposed to be the most possible mechanism first by Jata et al [18]. They 
suggested that low-angle boundaries in the parent metal are replaced by high-angle boundaries in 
the nugget zone by means of a continuous rotation of the original low-angle boundaries during 
FSW. J.-Q. Su et al [73] observed the microstructure and they suggested that the dynamic 
recrystallization in the nugget zone can be considered a CDRX based on dynamic recovery. 
Subgrain growth associated with absorption of dislocation into the boundaries is the dominant 
mechanism for increasing the misorientation between adjacent subgrains during the CDRX. 
 
 
3.2 Superplasticity 
 
3.2.1 Development of attain superplasticity  
 
Superplasticity forming has many advantages in practical production. It proved to be an 
attractive, cost-effective, near-net shape forming, and researcher pay much attention on attain 
superplasticity. Conventionally, thermo-mechanical processing (TMP) is used to obtain a 
microstructure conducive to superplasticity [87-89]. The best TMP result [90] is at a strain rate 
of 1.3 × 10-3s-1 and 500 °C.  Because the TMP consists many procedures, it is time-consµming 
and results in materials cost. However, it has not been reached the high strain rate superplasticity 
(HSRS), which is defined as the minimµm strain rate of 10-2s-1 [91].  
 
Friction stir processing is a new thermo-mechanical processing technique that produces a 
combination of very fine grain size and high grain boundary misorientation angles. These two 
aspects are critical requirements of superplasticity. Researchers attempted to obtain HSRS by 
FSP. Mishra et al [9] were the first to investigate the superplastic behavior of FSP 7075 Al alloy. 
In their study, 7075 Al demonstrated high strain rate superplasticity in the temperature range of 
430-510 °C, for example, an elongation of >1000 % was observed at 490 °C and 1 × 10-2s-1 
(Figure 16). Data of Mishra et al’s work and comparison between the best results of Xing’s [89] 
are shown in Fig 17. The increase in optimµm strain rate by more than an order of magnitude is 
noteworthy. The ductility at 1 × 10-2s-1 and 490 °C is more than 1000 %, while in Xing’s 
experiment; the ductility is only 318 %. Later, I. Charit et al [19] also achieve HSRS in 
commercial 2024 Al alloy via FSP. The maximµm elongation of ~ 525 % is obtained at 430 °C 
and a strain rate of 1 × 10-2s-1. In 2004, Z.Y. Ma et al [92] reported that one-step FSP can 
induce superplasticity in as-cast alµminµm, thereby converting a non-superplastic as-cast A356 
to superplastic. The maximµm superplasticity was obtained at 530°C and the initial strain rate 
was 1 × 10-3s-1. 
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Figure 16: Stress-strain behavior of friction stir processed 7075 Al alloy as a function of a) strain 
rate at 490°C, and b) temperature at a strain rate of  1 × 10-2s-1 [9]. 
 
 
Figure 17: Variation of elongation with a) strain rate at 490°C, and b) temperature at a strain rate 
of 1 × 10-2s-1. For comparision the best previous of Xinggang et al. is included in a) [9]. 
 
 
Besides obtaining HSRS, FSP has another merit compared with TMP. Superplasticity may now 
be achievable in thick section alµminµm sheet via FSP [14]. In conventional TMP, there are 
multiple pass warm rolling with intermittent re-heating, which reduce the sheet thickness in each 
pass. The sheet is generally < 2.5mm thick. However, during FSP, the thickness of the sheet does 
not change, and moreover, the entire sheet can be FSP overlappingly. Based on these results, a 
three-step manufacturing of components is established by Mishra et al: cast sheet or hot-pressed 
powder metallurgy sheet + friction stir process + superplastic forging or forming. 
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3.2.2 Processing parameters effects on superplasticity 
 
Z.Y. Ma et al [67] further investigated the effect of grain size on superplastic deformation 
behaviour with 7075 Al alloy. The different grain size of 3.8 µm and 7.5 µm can be controlling 
by adjusting FSP parameters. In this experiment, 4 IPM/400 RPM and 6 IPM/350 RPM were 
used to respectively generate the grain size 3.8 µm and 7.5 µm. Two FSP 7075 Al alloys with 
different grain sizes exhibited different superplastic properties (Figure 18 and Figure 19). It 
shows that the decrease in grain size results in significantly enhanced superplastictiy and a shift 
to higher optimµm strain rates. 
 
 
Figure 18: Comparison of superplastic ductility between FSP 7.5 µm and 3.8 µm 7075 Al alloys 
as a function of strain rate [67]. 
 
Figure 19: Comparison of flow stress between FSP 7.5 µm and 3.8 µm 7075 Al as a function of 
strain rate [67]. 
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3.2.3 Mechanism 
 
Z.Y. Ma et al [79] regard grain boundary sliding (GBS) is the dominant superplastic deformation 
mechanism in fine-grain materials and is characterized by a stress exponent of ~2. For two FSP 
7075 alloys (grain size 3.8 µm and 7.5 µm), a stress exponent of ~2 is really observed in the 
strain rate range of 3 × 10-3 to 1 × 10-1s-1 at the investigated temperatures, which implies their 
thought is right. Additionally, grain boundary sliding is further verified by SEM examinations on 
the surfaces of the deformed specimens. Figure 20 and Figure 21 reveal evidence of extensive 
GBS in FSP 7075 Al alloys deformed to carious strains or at different strain rates. 
?
 
 
 
Figure 20: SEM micrographs showing surface morphologies of FSP 7.8 µm 7075 Al 
superplastically deformed at 490°C and 3 × 10-3s-1 to a)-c) an elongation of 200%, d) an 
elongation of 400%, and e) and f) failure (938%) [a) and b) are secondary and backscattered 
electron images of the same region, respectively] [79]. 
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Figure 21: SEM micrographs showing surface morphologies of FSP 3.5 µm 7075 Al 
superplastically deformed to failure at a) 480°C and 1 × 10-1s-1 b) 480°C and 3 × 10-2s-1 c) 
480°C and 1 × 10-2s-1 d) 480°C and 3 × 10-3s-1 and e) 470°C and 1 × 10-2s-1 and fracture 
surface at f) 470°C and 1 × 10-2s-1 [79]. 
 
Superplastic deformation kinetics was observed in several FSP alloys [79, 93].   
 
In Al-4Mg-1Zr, 
                                  (21) 
 
In 7075Al, 
                                 (22) 
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Where ε is the strain rate, D0 the pre-exponential constant for diffusivity, E the Young’s 
modulus, b the Burger’s vector, k the Boltzmann’s constant, T the absolute temperature, R the 
gas constant, d the grain size, σ the applied stress, and σ0 is the threshold stress.  
 
the constitutive relationship for superplasticity in fine-grained alµminµm alloys can be expressed 
as: 
                                   (23) 
 
From the above equations, the dimensionless constant in Eq () is more than one order of 
magnitude larger than that in Eq (). Z.Y. Ma et al attributed this to the fine grain microstructure 
and high percent of high angle boundaries produced by FSP.  
 
3.3 Surface modification 
 
3.3.1 Development for surface modification 
 
Surface modification is an economical and effective way to improve materials mechanical 
properties. In recent years, several surface modification techniques have been developed to 
fabricate surface metal matrix composites. These techniques include high-energy laser melt 
treatment [94] and high-energy electron beam irradiation [95, 96]. However, these techniques for 
forming based on liquid phase processing at high temperatures, so that the reaction between the 
reinforcement particles such as SiC, TiC or WC and the matrix material cannot be avoided, 
which results in formation of some detrimental phases.  
 
R.S. Mishra et al [97] have introduced FSP to the surface modification technique. It is a solid-
state processing; obviously, the processing of surface composite could be carried out at 
temperatures below melting point of substrate, and the problems mentioned above can be 
avoided.  
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3.3.2 Effects of different FSP parameters   
R.S. mishra et al [97] further try different parameters in FSP to investigate the effects on surface 
modification. Their results are as the following three aspects: (1) shoulder position is very 
important, too large or too small target depth is ineffective to mix SiC particles into alµminµm 
alloy. A target depth of 2.03 is desirable. (2) the bonding of surface composite layer and 
substrate plate is influenced by the traverse speed (Fig 21). Higher speed such as 101.6mm/min 
is not good as lower speed 25.4 mm/min. These two conclusions are shown together in Table 8. 
(3) different volµme fraction of reinforcement particles input will result in mechanical property 
improvement in different degree (Table 9). The mechanical property concerned here is 
microhardness, and the incorporation of a ~27vol. % SiC particle into surface layer of alµminµm 
alloy nearly doubles its hardness. 
 
Figure 21: Optical micrograph showing surface composites on 5083 Al substrate produced at a 
tool rotation rate of 300 RPM and a traverse speed of: a) 25.4 mm/min and b) 101.6 mm/min 
[97].  
 
Table 8: Effect of processing parameters on formation of 5083 Al-SiC surface composite (300 
RPM tool rotation rate and 1.0 mm pin height)[97]. 
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Table 9: Microhardness of Al-SiC surface composites and alµminµm substrates [97]. 
 
 
 
3.4 Properties improvement 
 
3.4.1 Hardness 
 
FSP has been proved to be highly effective at grain refining and eliminating cast defects, and 
hardness property could be improved as a result. Y.J. Kwon et al [98] investigated the hardness 
of FSP 1050 Al alloy. Vickers microhardness test was performed on the cross-section 
perpendicular to the tool traverse direction of the FSPed specimens, and the characteristic 
increased to maximµm 37% compared to the starting material (Fig 22). They also observed the 
different rotation speeds’ contribution to hardness. Four rotation speeds were respectively 560 
RPM, 980 RPM, 1350 RPM and 1840 RPM. The results are shown in Figure 23. Because the 
recrystallized grain size within the friction zone decreased linearly when the tool rotation speed 
decreased from 1840 to 560 RPM [76], it is clear that the increase in hardness is a consequence 
of decreased grain size.  
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Figure 22: Vickers microhardness distribution on the cross-section perpendicular to the tool 
traverse direction of the FSPed specimen produced at a tool rotation speed of 560 RPM [98].  
 
They further explained the mechanism, that the hardness of 1050 alµminµm alloy is primarily 
dependent on the grain size and the dislocation density. Smaller grain size and higher dislocation 
density will result in more hardness. While in friction zone, the dislocation density is low as 
pointed by others. This suggests the hardness of the friction stir is more dependent on the grain 
size than the dislocation density. In 560,960 and 1350 RPM, the small grain size will dominant, 
while in 1840 RPM, the small grain size will contribute less than dislocation density.  
. 
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Figure 23: Average Vickers microhardness of the unprocessed and friction stir-processed zones 
[98].  
 
W.B. Lee et al [99] examined the hardness of A356 Al alloy cross-section using different 
traverse speed; 87, 187 and 267 mm/min. The hardness profiles of the stir zone are in figure 24. 
The hardness of the stir zone, in case of 87 and 187 mm/min, ranges only from 60 to 65 HV. In 
contrast, the hardness of the stir zone under 267 mm/min shows an obvious change from 56 to 64 
HV. They contributed the phenomena to the relation between traverse speed and Si particle size, 
standard deviation. In their prior experiment, the average size of the Si particles slightly 
increases from 6.46 to 7.89 µm with increasing traverse speed from 87 to 267 mm/min. 
 
               
Figure 24: The hardness profiles of the stirred zone with various welding speeds [99]. 
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3.4.2 Tensile  
 
Y.J. Kwon et al [98] suggested that in 1050 Al alloy, the tensile strength examined after FSP 
could reach maximµm 146% of the starting material (Figure 25). The change in tensile with 
different rotation speed correspond to the hardness test results described above.  
 
 
     Figure 25: Average tensile strength of the unprocessed and FSP zones [98].  
 
P. Cavalier [100] evaluated the tensile mechanical properties at room temperature in transverse 
and longitudinal direction of processing sheet of Zr-modified 2014 Al alloy. The tensile 
behaviour of the studied material in FSP is shown in figure 26, from which can be seen the 
material exhibits good level of strength and ductility. 
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Figure 26: Room temperature tensile behavior of the AA 2014 + Zr stirred material [100]. 
Tensile tests were also performed by Z.Y. Ma et al [70]. Different processing parameters and pin 
geometries were applied. Tensile properties results of as-cast and FSP A356 at room temperature 
are shown in Table 10. 
 
Table 10: Tensile properties of as-cast and FSP A356 at room temperature [70]. 
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3.4.3 Fatigue 
 
Fatigue properties of alµminµm castings depend on the microstructure. S.R. Sharma et al [101] 
concerned on A356 alloy fatigue behavior after FSP. Fig. 27 illustrates fatigue results in their 
experiment. The fatigue strength threshold stress increased by >80% after FSP. 
The enhanced fatigue behavior contributes to three important factors: microstructural refinement, 
homogenization and reduction in silicon particle size, and reduced casting defects, such as 
porosity volµme fraction.   
 
Figure 27: Influence of FSP on fatigue properties of A356 [101]. 
 
4 Critical issues 
 
4.1 Tool geometry  
 
Up till now, many tools with different geometries have been applied into FSP, but most of tool 
designs are based on intuitive concepts. Because the tool geometry will affect the materials flow, 
as well as the resultant microstructure, it is a critical need to develop systematic framework for 
tool design. In recent years, computational modeling with finite element analysis is developed, 
but no open literature is outcome on the correlation between tool geometry and material flow. 
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4.2 Tool wear 
 
Tool wear should be considered as a severe issue, because a strong consµmption of the steel tools 
will produce strong microstructure and mechanical differences along the stirred length. 
Alµminµm alloys generally have little tool consµming effect. However, to those metal matrix 
composites, too wear has been identified as a serious problem [102].  
 
4.3 Overlap processing 
 
The concept of overlapping passes for microstructural modification is demonstrated by Mishra 
and Mahoney [14], and in R.S. Mishra et al’ s [97] work, they apply overlapping processing in 
fabrication of surface composite. For surface composites, the overlapping passes would require a 
different scheme of powder placement and the overlapping region are likely to have variations in 
distribution and volµme fraction of particles. Although overlap region does not have any adverse 
microstructural change, it may bring some other problems because of the elevated temperature 
and microstructural gradients.  
 
4.4 Microstructural stability   
 
FSP produces fine grain size, and then improves material property. However, abnormal grain 
growth or coarsen will occur in some conditions. R.S. Mishra et al [14] observe the FSP 7075 Al 
displays microstructural stability in the temperature range of 430-490 °C, with a thin surface 
layer (0.13 mm) exhibits secondary recrystallization and formation of large grains in the 
following heat treatment of the entire friction stir region. Although some dispersoids might have 
contributed to the microstructural stability below 470 °C, the microstructure becomes highly 
unstable and the ductility deteriorates drastically above 470 °C [19]. The abnormal grain growth 
has also been explained for FSP 7050 Al [103] and FSW 7475 Al [104] alloys based on a model 
for microstructual stability criterion proposed by Hµmphreys [105]. Grain growth lowers or 
eliminates superplastic properties, so microstructual stability is a critical issue for FSP. 
 
4.5 FSP in other materials 
 
Although FSP is the most proper for alµminµm, it has been introduced into other materials. 
Michael et al [106] apply FSP to AM60B magnesiµm, and observed similar behavior tendency 
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as alµminµm alloy. Researcher investigated FSW in some high melting point materials, but little 
work has been done in FSP for these metal. The tool geometry and tool wear information also are 
needed to research on these material. 
 
5 Opportunities of FSP for cast component 
 
From the discussion above, friction stir processing is an energy-saving, effective technique in 
manufacturing industry. It may be used to manipulate locally the microstructure of cast 
components, such as refine the grain size of alµminµm casting alloys and primary and eutectic 
silicon particles. It also could be used to attain high performance of cast components, i.e. 
eliminating porosity, attaining high strength, tensile, fatigue, and corrosion resistance etc. 
Actually, the essence of FSP is surface treatment. So our future work will concentrate on 
particle-reinforcement with FSP, which will be depicted in next appendix.   
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Abstract 
Friction stir processing (FSP) is a post-processing method that locally manipulates the 
microstructure by imparting a high level of energy in solid state giving rise to improved 
mechanical properties.  FSP was applied to 25.4 mm thick, sand casting A206 alµminµm 
workpiece under different parameters.  Effects of FSP on microstructure evolution will be 
described and discussed.  Specifically, through Optical microscopy and SEM measurements the 
attained refinement in the stirred zone will be reviewed; porosity is significantly reduced and 
second phase particles are fragmented.  Thermal conditions of the FSP zone have been measured 
as well as studying the effect of the temperature gradients on the resultant structure. 
Introduction 
Friction stir processing (FSP) is a solid-state, post-processing method, which was developed by 
The Welding Institute [1].  During FSP, a rotating colµmn tool with a pin at the end is inserted 
into and traversed along the workpiece – see Figure 1; the main property of FSP is the 
combination of mechanical heat and plastic deformation.  In the schematic diagram of the 
process, “A” refers to the advancing side and “R” refers to the retreating side of the workpiece. 
FSP can be used to refine the microstructure and to attain mechanical property improvements 
[2].  In addition, FSP can be used to fabricate composite structures on alµminµm substrates [3], 
as well as to homogenize the microstructure of nanophased alµminµm alloys [4].  Of these 
various applications of FSP, microstructural modification in both cast and wrought alµminµm 
alloys has been the primary focus to date [2, 5-6].  Z.Y. Ma et al have studied the effects of FSP 
on the microstructure of cast A356 alµminµm [7-9].   
In this study we focus on microstructural modification of cast A206 via FSP.  Cast A206 alloy 
has high strength and good machinability, however it has relatively poor fluidity and it is prone 
to hot tearing during solidification; moreover, it is susceptible to stress corrosion [10].  The 
motive behind this study was to ascertain whether FSP is an enabling technology for post-
processing of cast A206 components in order to enhance microstructure and properties.  
Experimental Procedures 
Commercially cast A206 was acquired from Eck Industries in the T4 condition; the nominal 
composition of the alloy being Al-4.33Cu-0.077Si-0.046Fe-0.256Mg-0.343Mn.  Single pass FSP 
was carried out and the dimensions of the workpiece were 15cm X 7.6cm X 2.54cm.  The tool 
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shoulder diameter is 16mm, with a screwed taper pin at its end.  The length of the pin is 3.2mm.  
Three FSP conditions with different parameters (revolutions per minute and traverse speed) were 
investigated: 500RPM – 25.4mm/min; 1000RPM – 25.4mm/min; and 1000RPM – 50.8mm/min, 
respectively.  A three degrees tilt angle was applied during processing.  Samples were sectioned 
perpendicular to the FSP traverse direction. Barker’s reagent was used as an etchant for 
metallographic analysis using both optical and scanning electron microscopy.  
To study the temperature distribution under different FSP conditions, four K-type thermocouples 
were inserted into the retreating side of the workpiece to measure and record the thermal data; 
see Figure 1 for an explanation of the retreating versus advancing sides of the workpiece.  The 
four thermocouples were accommodated in four 38 mm deep holes in the retreating side, 1mm 
away from the center of the FSP zone.  The distance between the thermocouples was 25.4mm.   
Results and Discussion 
Figure 1 shows macrostructure of the FSPed zone under different processing conditions.  The 
shape of the FSPed zone changes from a basin-like shape at lower rotation speed (500 RPM) to 
an elliptical shape at higher rotation speeds (i.e., 1000 RPM), which agrees with experimental 
evidence in cast A356 [8].  At 500RPM-25.4mm/min (Figure 1 a), there is a visible area on the 
bottom of the advancing side (A), which is the banded structure and it is generated by the 
insufficient material flow. The banded structure is eliminated when the rotation speed is doubled 
- Figures 1 b; however, when the traverse speed is doubled (keeping a high rotation speed of 
1000RPM), we observe an onion ring structure as shown in the middle of the nugget (Figure 1 
c).   
 
 
 
Figure 1. Macrographs of the friction stirred zone in different parameters: (a) 500RPM-
25.4mm/min; (b) 1000RPM-25.4mm/min; (c) 1000RPM-50.8mm/min. 
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Figure 2. Microstructure of polished A206: (a) without FSP; (b) after FSP 
 
Figure 3. SEM micrographs of A206 grain size: (a) without FSP; (b) FSP 500 RPM-25.4 
mm/min; (c) FSP 1000RPM-50.8mm/min; (d) FSP 1000 RPM-25.4mm/min. 
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Figure 4. Microstructure of the TMAZ (1000 RPM-50.8mm/min): (a) OM; (b) SEM. 
Figure 2 shows optical micrographs of a polished A206. Prior to FSP (Figure 2a), in the as-cast-
T4 condition, porosity can be seen in the Al matrix (100-200 µm) as well as the expected coarse 
needle-like second phase particles.  However, after FSP (Figure 2b), we observe a high density 
of fine and nearly equiaxed second phase particles uniformly distributed within the processed 
zone; moreover, structural integrity is attained by mitigation of the porosity.  For all the 
experimental conditions that were performed in this study, we observed the same tendency.  
Figure 3 are SEM micrographs of A206 showing the evolution of the grain structure during FSP.  
Without FSP (Figure 3a), the grain size of the as-cast-T4 A206 is ~100µm, but subsequent to 
FSP (Figure 3c and d), the grain size is decreased to less than 10µm. FSPed zones generated 
under the three experimental conditions give rise to different grain morphologies.  No grains are 
observed when FSPed at 500 RPM-25.4mm/min; blurred grain boundaries are seen when FSPed 
at 1000 RPM-50.8 mm/min. In contrast, clear grains are seen when FSPed at 1000 RPM-25.4 
mm/min.   
It has been pointed out that the grain refinement during FSP is the result of dynamic 
recrystallization [7- 9]. When FSP conditions are at 500 RPM -25.4 mm/min, the temperature 
range is 306-3540C; for FSP at 1000 RPM – 25.4 mm/min and 1000 RPM -50.8 mm/min, the 
temperature range are 338-4220C and 273-3500C, respectively.   When the rotation speed is 500 
RPM, mechanical stirring is not sufficient to break up the original grains, however, when the 
rotation speed is doubled to 1000 RPM, the broken original grains are homogeneously dispersed 
and subsequently grow.  It is clear that the temperatures attained when FSP processed at 1000 
RPM – 25.4 mm/min gives rise to optimµm conditions for recrystallization vis a vis the other 
two experimental conditions.  In brief, it is the resultant temperature conditions that control 
nucleation and growth, and not necessarily rotation and traverse speeds. 
The microstructure in the thermo-mechanically-affected-zone (TMAZ) has also been 
investigated.  Elongated grains in this region suffer a severe shear force generated by the contact 
of the material with the lateral surface of the tool pin and the screw flake on the pin (Figure 4a).  
Specifically when FSPed at 1000 RPM- 50.8 mm/min, high forces exist in three directions giving 
rise to many torn boundaries as seen in Figure 4b.  
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Conclusions 
(1) Friction stir processing modifies the microstructure of cast-T4 A206.  Coarse needle-like 
particles are broken up and uniformly dispersed in the alµminiµm matrix.  Grain size is 
refined from about 100 µm to less than 10 µm. 
(2) The FSPed zone macrostructure is controlled by the traverse and rotation speed of the tool; 
the shape of the FSPed zone changes from a basin-like nugget to an elliptical one. 
(3) Dynamic recrystallization is influenced and controlled by the temperatures attained during 
FSP.  The latter is controlled by the rotation speed and traverse speed of the tool.  In this 
study, it was found that 1000 RPM-25.4 mm/min offered optimµm condition for grain 
refinement.    
(4) The potential of locally manipulating the structure of cast components to attain enhanced 
performance via FSP are most promising. 
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